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Abstract
Quantum coherence plays a vital role in the excitonic properties of organic semiconductors. Several theoretical and experimental studies have shown an unprecedented
role of coherence in charge transfer and transport processes, which in turn can improve the performance of electronic devices. Specifically, an enhancement of exciton
coherence size can result in fast energy transport and efficient charge separation.
The ability to tailor the design and performance of organic electronics based on exciton coherence effects represents the possibility of ultrafast electronic applications in
communication and information technology.
The objective of this thesis is the excitonic coherence studies of 1D crystalline
thin films of phthalocyanine-based organic semiconductors using steady-state and
time-resolved photoluminescence spectroscopy (TRPL). One of the main focuses of
this work is on investigating the correlation of intermolecular interactions, π orbital
overlap and dynamic disorders on the excitonic coherent behaviors in crystalline thin
films of various phthalocyanine derivatives (i.e. H2 TPP, H2 OBPc, H2 OCPc, and
H2 OBNc). Specifically, coherence lengths, exciton-phonon coupling strengths and the
nearest neighbor (NN) interaction strengths are determined via: (1) the PL ratio of
the excitonic coherence transition and its first vibrational replica and (2) the temperature evolution of radiative recombination lifetimes of coherent excitons. This study
showed that the optimum coherence size and the robustness of excitonic coherence
can be achieved by a complex interplay between NN interaction, vibrational energies
and the coupling to vibrational modes. In particular, it is shown that the shortest
NN distance does not ensure the achievement of maximum coherence length within
the four investigated phthalocyanine species. Instead, the largest coherence length
is measured in the octabutoxy derivative, where the saddle shape of the molecule
and crystalline packing results in weaker coupling to the acoustic phonons modes
despite having larger intermolecular NN distance. In addition, the effect of static
and dynamic disorders on the behavior of exciton coherence is explored by alloying
two phthalocyanine derivatives that are close in band gap energies and possess large
coherence lengths, H2 OBPc and H2 OBNc. This study demonstrated the successful
tuning of exciton coherence lengths and excitonic parameters in organic analogues of
semiconductor alloys, H2 OBNcx H2 OBPc1−x . Furthermore, the correlation of excitonphonon coupling and radiative recombination rate of coherent excitons with increasing
alloy concentration or static disorders are successfully revealed.
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Chapter 1
Introduction
For the past three decades, significant effort has been put into making functional organic materials for various electronic applications, leading to organic electronics that
are promising materials for inexpensive, lightweight and flexible electronics. [1] This
type of material will not only transform the way we interact with electronics but also
promise sustainability in manufacturing. The successful commercialization of organic
light-emitting diode (OLED) displays in television and smartphones paves the way for
organic electronics to be used in future applications that extend beyond mobile technology. This chapter describes the motivation of the research work carried throughout
this thesis. Details of the importance of using the phthalocyanine molecular family
and significance of exciton coherence phenomenon are also presented.

1.1

Importance of thesis work

Organic electronics represent a radical change in modern technology with extensive
potential for inexpensive, flexible and biocompatible devices. [2–8] The partially elec-
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trical conductivity in organic materials was first discovered by Henry Letheby in
1862. [9] However, the discovery of electrical conductivity in polyacetylene Heeger,
MacDiarmid and Shirakawa in 1977 marked the beginning of the field of organic electronics. [10] The three researchers did not only make conductive polyacetylene but
also controlled its conductivity to switch on and off by adding or removing electrons
from the polymer chain. Since then, the field of organic electronics has been growing
tremendously especially in the past decade with commercialization of organic light
emitting diodes (OLED) for electronic displays such as cell phones, televisions and
cameras. Organic thin film transistors and solar cells are also gaining more attention
and have shown significant improvement over the past decade with steady increase of
field-effect mobilities and power conversion efficiencies. [11–14]
Organic semiconductors consisting of carbon-based π-conjugated molecules that
exist within a molecular crystal are the core of organic electronic devices. These
materials are desirable due to their unique properties, which combine the electrical
characteristics of semiconducting materials and the mechanical and chemical abilities
of organic compounds. For example, they are versatile and well-established synthetic
routes and easy functionalization. [15] Moreover, most organic semiconductor fabrication can take place at room temperature, which makes the fabrication process
cost-effective and allows large area and roll-to-roll manufacturing. [16–18] Furthermore, organic semiconductors also offer mechanically robust, flexible, lightweight and
biocompatible electronics. [1, 8, 9, 16] The combination of these physical and chemical properties of organic semiconductors establishes an alternative route to electronic
devices and allows novel implementation for specific applications.
Central to many physical phenomena in materials is the nature and dynamics
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of excitons. In quantum mechanis, excitons are quasiparticles and are the bound
state of electron/hole pairs due to Coulomb interaction. Unlike inorganic materials,
the orbitals of organic semiconductors largely retain their molecular nature due to
weak interactions between nearest neighbor units. [19,20] Stronger π-π intermolecular
interactions between conjugated organic semiconductors facilitates exciton delocalization. [21–23] This exciton coherence and delocalization are believed to dominate the
excitonic diffusion and free carrier transport in these systems. [24–26] Thus the complex nature of excitons in these materials, which gives rise to their unique optical and
electronic properties, plays a key role in the ultimate performance of organic devices.
For example, the formation of a delocalized singlet exciton in crystalline ordered materials can lead to long exciton diffusion lengths, one of the desired properties for
electronic applications. To fully exploit the unique capabilities of organic electronics
a fundamental understanding of excitonic behaviors is therefore a crucial prerequisite.
There are two main categories of organic electronic materials, polymer and small
molecules. While the former offers smooth and uniform thin films, allowing large
control of thin films structure and morphology, their viscosity often limits the choice
of solvents can be used for solution-processing techniques. On the other hand, molecular semiconductors represent a fascinating case of organic electronics of which high
crystallinity and mobility are observed. [27] This class of materials also exhibits less
variation between batch-to-batch syntheses, well-defined chemical structures, easy
chemical funtionalization and purification compared to polymeric organic semiconductors. [15] Moreover, the formation of coherent, delocalized states in crystalline
small molecule semiconductors constitute an interesting case of many-body quantum physics that resides outside of the well-established Frenkel or Wannier model
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of exciton formation. [28–32] Theoretical and experimental studies have shown that
increasing exciton coherence length (i.e spatial extent of exciton coherence) leads to
shortening in radiative decay time, greater optical transition oscillator strength, and
line narrowing of the photoluminescence (PL) transition, a signature of superradiance,
which has been observed in many molecular aggregates. [23,33–37] For examples, these
coherent excitons have been observed in J-aggregate systems such as perylenetetracarboxylic acid dianhydride (PTCDA), pseudoisocyanine (PIC), tetracene, and single
polymer chains. [35–40]
In addition, the existence, robustness and survival of coherent excitons at room
temperature are determined by the complex interplay between static and dynamic
disorders, long-range Coulomb interaction, short-range π-orbital overlap, and the
strength of exciton-phonon coupling in the crystalline phase. [32, 34, 41, 42] Experimentally, it is challenging to draw conclusions about the systematic behavior of this
coherent state or ways to control and tailor it due to the radically different nature of
molecular systems where such states have been previously observed. Furthermore, the
disordered, polycrystalline nature of the vast majority of organic thin films inhibits
the formation of coherent excitons in many of these systems. [36, 43, 44]
Among the high mobility small organic molecules, planar phthalocyanines are
of great interest due to their visible/near IR absorption and self-assembly into an
ordered crystalline phase with anisotropic electronic properties. [45] They are aromatic molecules containing four isoindole subunits linked together via four nitrogen atoms in a conjugated fashion. The conjugation and aromaticity of this macrocyclic compound gives rise to delocalized π-electrons and resonance structures (figure
1.1). [46] The phthalocyanine family has been used in many applications including
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photovoltaics [47–49] and OFETs. [50–53] In the crystalline phase, they are known
as quasi one dimensional semiconductors because molecules stack in a J-like fashion
along a particular crystalline direction. The addition of different substituents (i.e.
alkyl chains) on the phthalocyanine ring can significantly alter the molecular packing
of the molecules in solid state. Furthermore, there are numerous well-established high
yielding synthetic routes to extend or reduce the π-conjugation of the macrocyclic ring
of phthalocyanine. [54–59]

Figure 1.1: Chemical structures of planar phthalocyanine

In this thesis, the focus is on four different phthalocynanine derivatives: 5,10,15,20tetraphenyl-21H,23H-porphine (H2 TPP), 2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31Hphthalocyanine (H2 OCPc), 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine
(H2 OBPc), and 5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine (H2 OBNc). The
chemical structures of these four materials are shown in figure 1.2 below. They are
ideal systems for investigating coherent excitonic states because high quality crys-
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talline thin films can be easily obtained using room temperature solution processing
techniques that rely on nucleation control, i.e. hollow capillary pen-writing technique.
Specifically, the pen-writing technique employed in this study is robust and capable of
producing polycrystalline thin films with macroscopic grains, [46, 60–63] opening the
avenue for a wealth of optical spectroscopy techniques that can probe intrinsic bulk
excitonic properties in organic solids in the absence of defects and disorders. This is
because the technique relies on crystal nucleation control, which is rather insensitive
to molecular identity and more dependent on solubility, concentration and writing
speed. [46, 60, 63–65] From a technological development stand point, this technique
is very appealing because engineering electronic and excitonic properties of a large
number of various small molecules can be accomplished with minimal customization
for a fast turn-around.

Figure 1.2: Chemical structures of a) H2 TPP, b) H2 OCPc, c) H2 OBPc, and d) H2 OBNc

The main goal of this research is to elucidate the effect of both static and dynamic disorders on the excitonic coherence and delocalization in the crystalline thin
films of the aforementioned materials using temperature dependent steady state and
time-resolved optical spectroscopy. This study is divided into two parts. In the first
part of this research, the correlation between intermolecular interactions, excitonphonon coupling and exciton coherence of the four mentioned materials is investigate
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using temperature dependent photoluminescence techniques. In this work, the evolution of luminescence spectra and radiative decay times as a function of temperature
were measured to determine the coherence length and the strength of exciton-phonon
coupling within the four investigated crystalline thin films. The result of this work
shows that the shortest nearest neighbor (NN) distance material (H2 TPP) is not
guaranteed to be an optimal for achieving a maximum coherence length. Instead, the
complex interplay between π-π orbital overlap and the strength of exciton-phonon
coupling within the molecular crystals is the main factor that controls the coherence
length. With that in mind, we attempted to control coherence length by systematically introducing static disorder into the system of molecular crystals. Specifically,
in the second part of the thesis, the two derivatives of phthalocyanines, i.e. octabutoxy phthalocyanine (H2 OBPc) and octabutoxy naphthalocyanine (H2 OBNc), that
are close in band gap energies are alloyed to form an incorporated crystalline thin film
H2 OBNcx H2 OBPc1−x . The concentration, x, of the alloys are systematically varied by
increasing the amount of H2 OBNc solution in the mixture before thin film fabrication.
The temperature dependent photoluminescence (PL) data of various concentration of
H2 OBNcx H2 OBPc1−x were recorded. Various parameters such as coherence length,
exciton-phonon coupling strength, and band curvature were extracted from the measurements. As a result, we confirmed that we were able to tune the coherence length
of the organic alloys. Moreover, PL spectra of H2 OBNcx H2 OBPc1−x alloy as a function of alloy concentration reveal the blue-shifted luminescence peak energy, which
originates from the thermal activation of exciton-phonon interaction.
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1.2

Structure of thesis

This thesis is organized as follows. The first chapter reveals the importance of this
research as well as summarizes the two main parts of this work. The second chapter
presents the basic concepts of organic semiconductors and gives a detailed introduction of the phthalocyanine molecular family and its application. This chapter also
aims to review some basic theory of optical processes in organic semiconductors, especially coherent properties of excitons in these materials. The importance of studying
excitonic coherence in organic semiconductor thin films is discussed in detail. The
third chapter of this thesis gives details of theory and setups of all experimental techniques employed in this thesis. Specifically, the procedure of column chromatography
and thin film fabrication methodology are discussed. In addition, the principle and
experimental setups of optical spectroscopies including room temperature absorption
and temperature dependent steady state and time-resolved photoluminescence are
discussed explicitly. The fourth chapter presents the results of the first study, which
focused on the effect of intermolecular interaction and exciton-phonon coupling on
exciton coherence length in four derivatives of phthalocyanine. Chapter five shows the
tunability of excitonic coherence by alloying two phthalocyanines with similar bandgap energies, H2 OBPc and H2 OBNc. Finally, the last chapter summarizes all the
discoveries of this research and gives a few concluding remarks as well as recommends
some future work.
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Chapter 2
Fundamental Concepts and Background
The formation of exciton delocalization and coherence due to stronger π-π orbital
overlap and intermolecular interaction dominates the excitonic diffusion, dissociation and transport processes in organic solids. Thus, understanding the dynamics of
exciton coherence in organic semiconducting solids is essential for optimizing high performance organic devices such as photovoltaics where exciton diffusion lengths play
a significant role. This chapter gives a brief review of some fundamental concepts of
organic semiconductors (OS) and their significance in novel organic electronics. The
material of choice, the phthalocyanine molecular family, is described with respect to
chemical properties and uses in electronics. Finally, the theory of exciton coherence
properties, the coherent effect in organic materials and important factors that affect
this coherence will be discussed in detail.
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2.1
2.1.1

Organic Semiconductors
Inorganic vs Organic Semiconductors

Modern technology, specifically electronic technology, has revolutionized our world
and changed the way we live and work. Electronic devices have made their way
into all aspects of our everyday life ranging from home appliances and smart phones
to medical devices and military weapons. Moreover, with achievements in the field
of electronics, communication has become easier than ever before when distance no
longer plays a factor for people to stay connected. These accomplishments are based
on the developments within the inorganic semiconductor industry.
The inorganic semiconductor industry began in mid 1940s with the invention
of the transistor by Bardeen, Brattain and Shockley, which earned them a Nobel
Prize in Physics in 1956. [66] At the beginning of a semiconductor era, Gemanium
dominated the market due to its higher carrier mobility compared to silicon. Also,
silicon showed limited conductivity due to surface dangling bonds trapping electrons
that made its surface unstable. This problem was resolved with the discovery of
surface passivation using thermal oxidation by Atalla in 1959. [67, 68] Continuing
with this discovery, Atalla went on to propose the concept of Metal-oxide-silicon
(MOS) integrated circuits and metal-oxide-silicon-field-effect transistors (MOSFET)
for making silicon chips. [69, 70] This paved the way for silicon technology and the
beginning of ”Silicon Age” or the ”Age of Information” in the 20th and 21st century.
Inorganic semiconductors such as Silicon (Si) are materials that have an electrical
conductivity falling in between that of conductors and insulators. The most impor-
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Figure 2.1: Energy levels of a) Conductors b) Semiconductors and c) Insulator show the
small bandgap in semiconductor can promote electrons to excite from valence to conduction
band upon thermal activation thus results in the unique semiconducting properties

tant characteristics of semiconductors is that their conductivity increases as their
temperature increases, which is completely opposite to the well-known characteristics
of metals or conductors. In addition, unlike conductors where the conduction band
and valence band overlap and insulators where these two energy bands are separated
by a large gap, in semiconductors there is a small gap between the conduction band
and the valence band. Electrons are excited from the valence band to the conduction
band when there is a sufficient thermal energy activation such as increasing temperature (figure 2.1). This small separation gap between the conduction and valence bands
in semiconductors is known as bandgap and it plays an important role in determining
semiconductor properties. Fundamentally, inorganic solids such as Si are based on
the formation of covalent bonds between atoms. The arrangement of semiconductor
elements in the lattice structure gives rise to their delocalized electronic states and
band structures.
For the past sixty years, inorganic semiconductors have dominated the electronic
11

Figure 2.2: a) iphone X with OLED displays designed and commercialized by Apple Inc. b)
Rollable display by LG c) Flexible thin films transistor. d) Largest organic solar cells installed on roof surfaces of school buildings in La Rochelle, France. e) Berggren and his group
at Linkoping Univeristy, Sweden functionalized rose with organic electronics. f) Ultraflexible
organic photonic skin

market. From small calculators to airplane autopilots, many electronic devices used
in daily life are controlled by microelectronic chips. Nowadays, with the demand for
more powerful and faster but smaller devices, nanotechnology has become more important than ever before. For example, a modern processor can contain up to millions
or billions of microchips that are nanometer in size. Over the years, inorganic semiconductors have transformed our society into an information-oriented smart society.
However, with the recent movement of society toward greener and more sustainable
energy sources, as well as flexible and biodegradable devices, it is essential to search for
12

different types of materials that are less rigid, biocompatible and potentially low-cost.
Organic semiconductors (OS) offer a potentially low-cost, flexible and biocompatible
device with increased capabilities and unique properties compared to the traditional
inorganic materials like Si or GaAs. [2, 17, 71]
Organic materials were thought to be good insulators until 1862 when Henry
Letheby obtained the partially conductive aniline through an oxidation process. [9]
In 1977 Heeger, MacDiarmid, and Shirakawa discovered highly conductive polyacetylene after an oxidation process with halogen, which earned them a Nobel prize in
chemistry in 2000. [10, 72] Following this discovery, the first organic diode was produced in 1987 by Kodak, Tang and Slyke. [73, 74] This marked the beginning of
organic electronics. Nowadays, organic electronics with unique characteristics offers
some advantages compared to their inorganic counterparts such as Si, Ge or GaAs.
Specifically, organic semiconductors provide the possibility of molecular engineering to tailor their properties for specific applications. This is due to the development of organic chemical syntheses creating numerous conjugated polymers and small
molecules with various functionalities which gives rise to materials with desired electronic and physical properties that offer advantages in device fabrication and performance. Thus, it opens a pathway for low-cost, flexible and customizable electronic
and photonic devices spanning various applications such as OLED displays, OFETs,
organic photovoltaics (OPVs), and biosensors. Figure 2.2 shows some examples of
organic electronic devices that were developed by research groups around the world
and some are even commercialized. [75]
Organic semiconductors are materials consisting of π-conjugated systems. The π
conjugation in these materials originates from alternating single bonds and double
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Figure 2.3: Illustration of delocalized π-electrons in benzene

bonds between carbon atoms or carbon and nitrogen atoms. For example, in benzene
the formation of sp2 hybridization includes the overlap of sp2 orbitals to form σ-bond
and the overlap of two out-of-plane pz orbitals to form delocalized π-bond. This π conjugation results in the delocalization of π-electrons creating resonance structures as
shown in figure 2.3. The delocalization gives rise to many properties in these systems
and plays a vital role in the molecular crystals. For examples, as π orbitals overlap, delocalization occurs over several molecular units creating intermolecular interactions
and π-π stacking, which is important for electron transport. Similar to inorganic
semiconductors, organic semiconductors are normally insulators and only become
conducting when charges are injected through doping or photoexciting. However,
this type of material possesses different properties from the conventional inorganic
counterparts. While covalent bonds are responsible for the formation of inorganic
semiconductor crystals, the formation of organic semiconductors (OS) is based on
weak intermolecular Van-der-Waals interactions allowing inexpensive and low temperature solution-processed deposition. For example, the binding energies, phonon
energies and bandwidths are smaller compared to the inorganic counterparts. Most
14

organic compounds aggregate to form low symmetry crystal structures and many
have either monoclinic or triclinic symmetry containing more than one molecule per
unit cell. Furthermore, as mentioned above, inorganic semiconductors are characterized by wide energy bands (i.e. valence band and conduction band), while in organic
semiconductors the bands are very narrow and the band structure maps the single
molecule electronic structure (figure 2.4). The highest occupied molecular orbital
(HOMO) formed by overlapping between π-orbitals and lowest unoccupied molecular orbital (LUMO) formed by antibonding π ∗ -orbitals are the organic analogue of
valence band and conduction band in the inorganic systems. Similarly, the HOMOLUMO gap known as bandgap in organic materials, also plays a significantly role in
their properties and performance in electronic devices. [1] Charge carriers in OS are
generally electrons and holes existing in the p-orbitals framework of these materials
and charge transport in the solid state often occurs through a hopping mechanism.

2.1.2

Small molecule organic semiconductors

π-conjugated organic semiconductors with the ability to transport charge carriers
leading to conductivity can be divided into two main categories based on their molecular weight, i.e. polymers and small molecules. Most common semiconducting polymers are polypyrrole, poly(3-hexylthiophene) (P3HT) and polyacetylene [76,77] while
small molecule semiconductors include conjugated oligomers and aromatic macrocyclic molecules such as phthalocyanine, pentacence, anthracene, rubrene and oligothiophone. [78–80] Both categories have their own advantages and disadvantages. For
example, while polymers offer a large surface area in thin film formation, their complexity in chemical synthesis and functionalization often result in non-reproducibility
15

Figure 2.4: Inorganic semiconductors energy bands. b) Organic semiconductors energy
levels shows that the energy levels are not closely packed and the formation of HOMO and
LUMO by overlapping π-molecular orbitals.

which affects the device performance. [81] On the other hand, molecular semiconductor solids can achieve highly-ordered crystallinity resulting in remarkable conductivity
and large charge carrier mobility. In addition, compared to polymers, small molecules
OS exhibit monodispersity with well-defined chemical structures and less variation between batch-to-batch syntheses. [15] Most importantly, electronic properties including
optical, structural and electrical properties of molecular OS can be easily modified
through chemical functionalizations based on many well-established synthetic routes.
Last but not least, this type of materials can self-assemble into ordered crystalline
structures, which enhance their carrier mobilities. This provides an advantage of design possibility for using small molecules in organic electonics. Figure 2.5 shows some
commonly used small molecules organic semiconductors.
The formation of molecular crystals of organic materials is due to weak Van-
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Figure 2.5: Some common small molecule organic semiconductors
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der-Waals interaction between nearest neighbors (NN). In the solid state, organic
materials often exhibit a large degree of disorder, randomly oriented grains, and grain
boundaries which limit the carrier mobility and exciton diffusion resulting in altered
device performance. [82] Increasing π-orbital overlap between NN can enhance the
delocalization and give higher mobility. The most common molecular packing is a
herringbone structure that usually exists in rubrene or pentacene single crystals. This
type of close packing promotes π-π orbital overlap and intermolecular interactions
between nearest neighbors giving rise to many unique properties in these systems.
[46, 61] For example, mobility of rubrene crystals along the b axis is significantly
larger than that along the a axis due to the anisotropy of crystalline packing in
rubrene along different axes. In addition, solution processed TIPs-pentacene with
macroscopic grain size exhibits large mobility in transistors. Therefore, the nature
and quality of molecular packing such as a disorder at the grain boudaries within
polycrystalline organic films directly affects the charge transport and exciton diffusion
processes in these materials, which in turn limits their device performance.
Common conjugated macrocyclic compounds used in organic electronics are rubrene,
pentacene, and phthalocyanine.

These materials can form 1D or 2D structures

in solid form. The addition of flexible side chains such as an alkyl chain onto a
rigid macroscyclic ring is not only an essential step for these materials in forming
mesophases, but also increase the solubility of these materials for solution-processed
deposition, which results in macroscopic ordering. [46, 61] Furthermore,the formation
of macroscopic grain size and long-range order crystalline thin films of solution processed organic semiconductors depends on the surface treatment of substrates and the
purity of materials. The macroscopic ordering and the nearest neighbor distance and
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intermolecular interactions in crystal lattices play a significant role in wavefunction
overlap and directly impacts the mobility and exciton diffusion length. [82] Thus, better understanding of excitonic properties and the effect of intermolecular interactions
on these properties is crucial for optimizing high performing devices.
For more than two decades, many solution-processed deposition techniques have
been developed to improve the quality of thin films and promote long-range order,
for example spin coating, ink-jet printing, solution shearing, zone casting, and hollow
capillary pen writing. Among them, hollow capillary pen writing, which is used to
fabricate all thin film materials in this thesis and will be discussed in detail in the
next chapter, has proven to produce macroscopic grain sizes and long-range ordering.
[63–65] With high crystallinity and long-range order, the intermolecular interactions
within the molecular crystals are increased, leading to the broadening in absorption
spectra and profound absorption peaks.
Optical spectroscopy experiments such as photoluminescence, transition absorption or linear dichroism imaging are powerful techniques to investigate the electronic
states of materials. However, the presence of disorders and defects in thin films limits
these optical microscopy and imaging studies or even quench the photoluminescence.
For example, polycrystalline thin films with grain sizes in the order of ten or hundreds of nanometers are very difficult to probe even with a high quality laser beam
due to the diffraction limit (approx. 5µm in diameter in all of optical experiments
performed in this thesis). Hence, high quality crystalline thin films with macroscopic
grain size open an avenue for studying excitonic properties of these materials using
optical spectroscopy.
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2.2

Phthalocyanines

Phthalocyanine molecules, which belong to the bigger family of porphyrins, have
attracted lots of attention for more than 100 years. They are the most important
tetrapyrrole derivatives. These tetrapyrrole macrocyles can form coordination complexes with most of the metals in the Periodic table. Metal and metal free derivatives
of phthalocyanines serve as novel functionalized materials in organic electronics such
as organic photovoltaics and organic field effect transistors due to their unique electronic structures and properties.

2.2.1

Phthalocyanine and its derivatives

The aromatic macrocycle metal-free phthalocyanine (H2 Pc) with intensely blue-green
color was accidentally obtained in 1907 as a side product from o-cyanobenzamide synthesis. [83–85] However, this type of molecule did not gain any attention until 1927
when copper phthalocyanine (CuPc) was successfully synthesized and used as blue
pigments. Phthalocyanines (Pcs) are planar tetrabenzoporphyrin organic molecules
that contain four isoindole subunits linked together via nitrogen atoms in a conjugated
fashion. The conjugation and aromaticity of these macrocyclic compounds give rise to
delocalized π-electrons and resonance structures as illustrated in the figure 1.1. The
name phthalocyanine was introduced by Linstead who, together with Dandridge, were
the pioneers in the chemistry of phthalocyanine. [84] Since then, numerous derivatives
of metal and metal free phthalocyanines have been synthesized and widely used as
blue-green dyes. Furthermore, metal free phthalocyanines exhibit photoconductivity and have UV/visible/near IR optical band gap, with the addition of delocalized
20

electrons, which makes this type of materials applicable to various fields of materials
science. Metal derivatives of phthalocyanines possess interesting magnetic properties
that are a potential for spintronics applications. [86, 87]
Metal free phthalocyanine is known to have D2h symmetry and is insoluble in most
organic solvents. Phthalocyanines derivatives, especially metal complexes of Pcs are
often used in applications compared to the parent Pc. For example, CuPc is the most
important blue pigment and its halogenated derivative CuPcClx Bry serves as the primary green color in LCD display. [88] Other metal derivatives of Pcs such as SiPc,
ZnPc and TiOPc are mostly used for photosensitizers and photoconductors. [79,89,90]
Phthalocyanine derivatives serve various purposes ranging from optimizing solubility
to bandgap engineering and functionalizing for specific electronic applications, i.e.
photovoltaics and field effect transistors (FET). [53,91] Over the years, numerous phthalocyanine derivatives including metal free substituted Pcs and metal Pcs (MPcs)
have been synthesized (see figure 2.6 [92,93]). By introducing a variety of substituents
on the peripheral and non-peripheral positions or central ions and axial ligands, functionalized phthalocyanine materials with optical, electronic and magnetic properties
can be obtained and optimized. [94] Specifically, the electronic bandgap and excitonic energies and intensities depend on the nature of substituents and positions of
substituents on the Pcs skeleton. [95] According to Kobayashi, while the electron
donating groups substituted on the peripheral positions of the Pcs skeleton blueshift the Q-band in the absorption spectra, electron-withdrawing group substituents
have a completely opposite effect when being introduced on the peripheral and nonperipheral positions of Pc ring. [95] In addition, long aliphatic chain substitution in
phthalocyanines introduced distortion into Pc macrocycle that deviates the molecule
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from planarity. In the case of metal derivatives such as CuPc or CoPc, metal centers
are tightly bound to the core of Pc without distorting the macrocycle ring. Furthermore, phthalocyanines can accommodate at least 4 coordination numbers. Therefore,
depending on the size and oxidation number of the metal ions, phthalocyanines can
form either planar, pyramidal and even octahedral coordination complexes. For example, lanthanide and actanide groups are larger size metals, thus most lanthanide
and actanide phthalocyanine complexes have sandwich structures with octahedral
coordination.

Figure 2.6: Some derivatives of metal and metal free phthalocyanines

Molecular crystals of phthalocyanines are known to stack in a herringbone structures. Its molecular solid can be found in several polymorphic forms such as α- and
β phases that are characterized by the angle between stacking axis and the normal to
the plane of the molecule. [96] This angle is 25 degrees in the α form while β form has
45 degrees angle between stacking axis and the normal to plane of the molecule. The
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α phase phthalocyanines are a metastable form that generally exists in thin films at
room temperature and can be converted to the β phase by heating or solvent treatment. Metal substituted phthalocyanines such as CuPc, PbPc also have multiple
polymorphs. For example, CuPc has five different polymorphs and its monoclinic α
and β forms have angles between stacking axis and the normal to the plane of the
molecules that differ by 19.3 degree. Most metal and metal free Pcs have molecular
planarity and have tendency to form polycrystalline or crystalline thin films, which
makes them ideal candidates for organic electronics.

2.2.2

Phthalocyanine as organic semiconductors

Over the past three decades, a tremendous amount of research has focused on small
molecules organic semiconductors for use in organic electronic devices. Phthalocyanines and their derivatives are one of the major molecules that have caught attention
due to their large charge transport properties, high mobilities, strong absorption in the
visiable/near IR region and well-established synthesis that allows for structure functionalization. Of all phthalocyanine derivatives, metal Pcs are the most studied Pcs
derivatives and the most commonly used in many applications including organic field
effect transistors (OFETs). [47, 91] Even though phthalocyanines have been known
and used for a century as dyes and pigments, the semiconducting properties of Pcs
were not discovered until 1948. [78] However, the low mobility of these materials limited them from being used in electronic applications until the first successful OFETs
were reported in 1986. Since then, numerous functional Pcs have been well studied
as organic semiconductors. For instance, fluorinated derivative of CuPc was used to
fabricate p-channel FET at 125o C exhibiting high mobility of 0.02 cm2 V−1 s−1 . [97]
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The same study also showed that metal Pcs with electron withdrawing groups as
substituents can reverse the transistor channel due to the alteration of LUMO by
these substituents. Similar to metal free Pc (H2 Pc), most metal Pcs are not soluble in organic solvents. Therefore, solubilizing substituents are introduced into Pcs
structure to increase their solubility in solvents for inexpensive and low temperature
solution processed deposition such as spin coating or ink-jet printing. Furthermore,
the addition of these substituents to the Pcs ring either in the peripheral or non peripheral positions can affect the molecular packing of these materials, which in turn
affect the charge transport properties. There have been a great number of studies
attempting to enhance the performance of these soluble Pcs derivatives that had the
highest mobility > 1 cm2 V−1 s−1 , specifically NiPc and Eu2 Pc3 derivatives. [51] Besides OFETs, Pcs derivatives are also used as active layers in organic photovoltaics.
Solution processable axial derivatives of tin Pcs have been synthesized and ultilized
in organic thin film transistors (OTFT) and organic photovoltaics (OPV) showing
promising results with energy efficiency more than 20% in the range of 650 nm to
750 nm in the case of OPV [89] and higher mobility compared to the same derivatives of SiPc. All of these examples confirm the potential of Pcs derivatives as active
materials for organic electronics, i.e OTFTs and OPV.

2.3

Exciton Coherence

Affordable ubiquitous electronics could one day revolutionize technologies from solar
energy to biosensors. Therefore, understanding electronics and optical properties of
organic semiconductors is essential to engineer and design cheaper, more efficient
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electronic devices. In most small molecule organic semiconductors, large π-orbital
overlap can lead to exciton delocalization within organic crystals. The coherence and
delocalization dynamics directly impact the exciton diffusion and radiative relaxation
process. Being able to control and tune these behaviors will open new avenues for the
next breakthrough in organic-based technologies, especially in renewable energy and
flexible and biocompatible electronics. Coherent study of how to control the excitonic
states in organic semiconductors will allow us to optimize the materials based on a
desired application and create high performance electronic devices.
As previously mentioned, electronic and excitonic properties in organic semiconductors plays an essential role in shaping the performance of organic electronics.
Therefore, understanding the mechanism of electronic and excitonic properties within
OS will lead to a possibility of tuning material and device architectures. Among those
characteristics, coherence is an important phenomenon in exciton transport in organic
semiconducting solids as it originates from the "fundamental wave-like nature of delocalized excited states" [32, 41, 98]. In opposed to the incoherent transport that is
based on diffusive hopping of carriers, coherence transport is far more rapid and the
charge separation and dissociation in a coherence domain are often more efficient,
which can enhance device performance. Thus, an understanding of coherence and
decoherence mechanisms and the ability to obtain and control this property could
lead to the capability of optimizing materials for specific applications.

2.3.1

Types of Excitons

Excitons, which were first introduced by Yakov Frenkel in 1931, are the fundamental
building block of excitation in semiconducting solids. [99] By definition, an exciton
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is a neutrally charged electron-hole pair bounded together by electrostatic Coulomb
force, that can travel within the crystal latice in a particle-like fashion without transporting net electric charge. This type of quasiparticle usually exists in insulators and
semiconductors. Formation of excitons begins with an excitation and an absorption
of photons by excited materials. Specifically, when a photon is aborbed by a material,
it excites an electron from the valence band (VB) to the conduction band (CB), which
leaves behind a positively charge hole in the valence band. The electron on the CB is
then attracted back to the hole by Coulomb force, which in turn generate an exciton.
There are two typical types of excitons: Wannier-Mott excitons that exist mostly in
inorganic semiconductors with large dielectric constants and Frenkel excitons that
are often found in small dielectric constant materials such as organic semiconductors.
Each case has its own characteristics, which control the mechanism of many optoelectronic properties in semiconducting materials. In the Frenkel model, the electron-hole
pairs are tightly bound with the binding energy in the order of 100 meV and localized
within a single molecule. This results in an exciton Bohr radius smaller than the
nearest neighbor distance. In addition, exciton diffusion in molecular crystals usually
happens through hopping mechanism between neighbor molecules (figure 2.7). On
the other hand, in the case of inorganic semiconductors with high dielectric constants,
Coulomb interactions are reduced by the effect of electric field screening resulting in a
weakly bound Wannier-Mott excitons with a Bohr radius of about 100 Angstrom that
can delocalize over many lattice sites (Figure 2.7). Therefore, in one case, excitons
will recombine in a short period of time, in the picossecond range while in inorganic
systems, excitons can easily dissociate resulting in long lifetimes. Wannier exciton is
described in terms of band theory. Furthermore, the basic model of electrons in inor-
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ganic systems is based on the first order of Born-Oppenheimer approximation which
states that electrons are weakly interacting with the crystal lattice and therefore the
exciton-phonon interaction can be treated by perturbation.

Figure 2.7: a) Wannier-Mott exciton model with large Bohr radius usually exists in inorganic semiconductors with large dielectric constant. b) Tightly bound Frenkel exciton
localizes within a single molecule

In the case of molecular exciton, Davydov used an oriented gas model to describe
the exciton in molecular aggregates. According to his model, the excitonic states are
treated with the assumption that the intermolecular interaction forces are negligible.
In this case, with one molecule per unit cell, the hamiltonian for the total energy of
the crystal can be represented as follow

H=

X

Hn +

n

1X
Vn,m
2 n,m

(2.1)

where Hn is the energy hamiltonian of the free molecule and Vnm represents the
interaction between two molecules at point n and m in the lattice. The excited state
exciton wavefunction in the zero-order approximation have the form

ψnf = φfn

Y

φ0m ; m 6= n

(2.2)

m

In most organic systems, especially in the π-conjugated organic materials, inter27

molecular interaction in the crystal are large and cannot be ignored. In fact, this
interaction leads to the delocalization of the exciton wavefunction. This case does
not simply belong to the tightly bound Frenkel model nor the traditional Wannier
picture described above.

2.3.2

Coherence characteristics

In general, the term coherence means the quality of being logical or consistent. In
optics, coherence is defined as a phenomenon of which there exists a fixed phase
relationship between electric fields at different locations and times. In other word, two
light waves are considered to be coherent when there is a constant phase relationship
between them at different points in space and time. In term of quantum mechanical
particles, coherence is an important characteristic in which a particle propagates in
a wave-like fashion with a well-defined phase. This is a signature property of laser
beams, which distinguishes it from other light sources such as LED or incandescent
light bulbs and causes lasers to be able to focus into a tiny spot and have high energy
output.
In the context of electronic dynamics of materials, especially of organic solids
with π-stacking, coherence signifies the existence of a well-defined phase relationship between multiple exciton wavefunctions that delocalize over several molecular
units in the crystalline lattice as shown in figure 2.8. In this case, the characteristics
of exciton doesn’t belong to the tightly bound Frenkel framework nor the delocalized Wannier-Mott picture. In other word, when intermolecular interaction and π-π
orbital overlap are significant, the characteristics of excitons falls within the intermediate framework between Frenkel and Wannier cases. In this regime, the interaction
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and overlap between nearest neighbor cause the exciton wavefunction to spread over
several molecular units, which leads to exciton delocalization. The spatial extent of
this delocalization is known as coherence length. This coherent nature also signifies
the well-defined phase relationship between multiple exciton wavefunction. Coherence
nature of exciton is essential to electronic energy transfer and transport processes in
organic solids as it involves the wave-like motion of delocalized electronic excitation
or excited states, which is in contrast to the incoherent transport based on slow diffusive hopping of carriers. The coherence length (in the case of one dimensional organic
crystals) is often quantified as the number of molecules that are connected coherently
in the crystalline lattices, Ncoh . This coherence number is defined as the spatial extent

Figure 2.8: Schematic of exciton coherence characteristics showing the wavefunction of exciton spread out and delocalized over several molecular units in the 1D crystalline structure.

of the coherence function (eq 4.1) [100]

Ncoh ≡ C̄(0)−1

X

|C̄(r)i

(2.3)

r

where coherence function is given by eq in the "thermal distribution of low-energy
exciton" [100]

C̄(r) ≡ hhψ em |

X

Bn† Bn+r |ψ em iiT,C

n
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(2.4)

where B†n is a creation operator for exciton on the nt h chromophore without vibration
relative to the unshifted potential well ground state.

2.3.3

Exciton Coherence in Organic semiconductors

The presence and enhancement of intermolecular interaction in π-π stacking molecular
crystals result in the formation of exciton coherence with ubiquitous characteristics
that belong to the intermediate regime between Frenkel and Wannier models. In fact,
coherence in spontaneous radiation processes or superradiance in a gas system was
first described by Dicke in 1954. [101] This cooperative process based on the existence
of a delocalized coherent state results in the enhancement of the oscillator strength,
which is proportional to the size of the coherent domain. In 1989, Spano and Mukamel
developed theory predicting superradiance in molecular aggregates and demonstrated
that the radiative decay is proportional to the number of coupled monomers. [102]
The shorterning in radiative decay and line narrowing of the transition is a signature
of superradiance in materials. For instance, Mueller et.al. revealed the formation
of coherently coupled molecules resulting in superradiant emission in 2D molecular
J-aggregates of perylenetetracarboxylic acid dianhydride (PTCDA). [35] In addition,
a theoretical study by Potma and Wiersma showed the effect of disorder on the coherence size of pseudoisocyanine (PIC) aggregates. In addition to these observation
of coherent behavior in organic systems, lots of studies also reveals the effect of disorders that limits this property. [40] With the presence of static and dynamic disorders,
the coherence domain is restrained to a finite number. For example, tetracene thin
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films were reported to have a short-lived superradiant exciton that delocalized over
∼10 molecules. [37]. An enhancement of exciton coherence length can increase the
radiative recombination rates in molecular aggregates as J and H aggregates that
were demonstrated by Meinardi, Lim and Abramavicius. [33, 37, 103]
As shown above, the existence of exciton coherence is quite significant in organic
systems, thus from an application standpoint, it is important to be able to experimentally probe and control this excitonic property for designing and optimizing devices. However, it is difficult to obtain a large coherence in organic systems due to
the sensitivity of coherence to both static and dynamic disorders. Recently, Spano
and co-workers successfully demonstrated the simple relationship between exciton
coherence numbers and photoluminescence line shape in one dimensional molecular
aggregates, which allows the determination of the coherence length experimentally
through spectroscopic means. [41,100] Specifically, the author demonstrated that the
PL ratio in one dimensional J-aggregates is proportional to the coherence number as
shown in eq 4.1 [100, 104]
Ncoh
hIP0−0
L iT,C
= 2
0−1
λ
hIP L iT,C

(2.5)

0−1
where I0−0
P L is the photoluminescence intensity of the coherent exciton and IP L is the

PL intensity of the first phonon replica of the associated coherent exciton.
Moreover, in the thermodynamic limit and in the absence of disorder in a linear
J-aggregate, temperature dependent PL intensities are proportional to the inverse
square root of temperature (eq 2.6). [100]
hIP0−0
1
L iT
= 2
0−1
λ
hIP L iT
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s

4π~ωc
kB T

(2.6)

Therefore, in the absence of disorder, the exciton coherence number is
s

Ncoh =

4π~ωc
4π~ωc
; ~ωc > kB T >
kB T
N2

(2.7)

This relationship is observed in figure 2.9. [100] In paticular, at low temperature, the coherence number is limited by the domain size but when the temperture
increases, the coherencce number is propotional to the inverse square root of temperature. In short, this method not only provides a mean of measuring the coherence
number spectroscopically but also gives an understanding of the effect of disorder on
the coherent exciton.

Figure 2.9: The calculated 0-0/0-1 PL intensities ratio as a function of T−1/2 for 30 aggregates with different couplings. The slope of this relationship is fitted using eq 2.6 with the
band curvatures generated numerically. Scatter asterisks are coherence number calculated
using eq 4.1
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2.3.4

Radiative Lifetimes of coherent exciton

The rate of exciton recombination includes the radiative rate where the energy released in the form of photon and the non-radiative rate where the energy released as
phonon. The total decay time of the exciton is,
1
1
1
=
+
τtot
τrad τnrad

(2.8)

where τtot is the total decay time, τrad is the radiative lifetime and τnrad is the nonradiative lifetime. These two processes always compete during the recombination
resulting in the decrease of quantum efficiency, decoherence and other optical properties. Moreover, as we increase temperature during the PL measurements, more
vibrational modes starts to couple with the exciton and shorten the PL decay times
at higher temperature due to the domination of the non-radiative recombination. For
light-emitting applications, radiative recombination is mostly desired while in photovoltaics the non-radiative process is preferred. Being able to control the radiative
recombination and minimize the nonradiative rate will bring some insight toward
designing efficient devices.
In the absence of static disorders in the system, at very low temperature, one can
assume that the non-radiative recombination is mostly eleminated and the PL decay
time only consists of the radiative recombination process. In this case, the radiative
decay times can be reliably estimated using the following equation
IP L (4K)
τrad (T ) = τP L (T )
IP L (T )
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(2.9)

where τP L is the measured PL decay times at a given temperature T larger than
4K, IP L (4K) is the PL intensity at T = 4K associated with exciton radiative recombination at 4K, and IP L (T) represents the PL intensity at the same temperature
T.
As stated above, coherence effect often results in a superradiation emission with
rapid radiation lifetimes. Therefore, the temperature dependent radiative recombination from the coherent state of an exciton possess unique characteristics. Feldmann
et al. [105] and Potma et.al. [36] showed that the luminescent decay time not only
depends on temperature but also on the dimensionality of the materials. Kamalov
et. al. revealed the temperature dependent radiative lifetimes of J-aggregates (tetrachlorobenzimidacarbocyanine or BIC for short). [106] In herringbone quarterthiophene molecular crystals, the exciton recombination is found to be superradiant because of the linear relationship between radiative lifetimes and the inverse of the
number of coherently emitting dipoles. These studies suggest that the evolution of
radiative lifetimes of exciton coherent state in 1D molecular aggregates as a function
of temperature has a unique signature. Potma and Wiersma associated the rapid
increase of radiative lifetimes at high temperature (> 40K) with the effect of excitonoptical phonon scattering. [36] However, their model can only fit the experimental
data up to 80K and fail to explain the phenomenon of this radiative decay at higher
temperature (figure2.10) [36, 107]. Similarly, Kamalov and Lecuiller also proposed
a quantum mechanical model considering both the effect of acoustic phonons and
optical phonon to explain the nonlinear relationship of radiative lifetimes with temperatures. [38, 106] However, these models also cannot explain the steep increase of
this recombination at high temperature (above 100K). Therefore, in order to under-
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stand the mechanism of the rapid increase of radiative lifetimes in 1D systems at high
temperature, a new quantum model is required to explain the dynamics of radiative
lifetimes, which will be explained in detail in chapter 4 and appendix 4.

Figure 2.10: Relative radiative lifetime of PIC aggregates in a water/ethylene glycol glass.
Scattered plot is experimental data reported by Fidder et. al. while the solid line is the best
fit line calculated from the non-Markovian model proposed by the author. The dash line is
the calculated results based on the assumption of PIC as a one-dimension chain
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Chapter 3
Experimental Techniques
This chapter aims to provide the reader with the basic principles of various techniques employed in this thesis including chemical purification, thin film fabrication
and optical spectroscopy. The chapter begins with the technical details of column
chromatography, which explains its principle of operation, and important factors that
affects the results of column chromatography experiments. Moreover, the procedure
of purification for all materials used in this thesis is described in detail. The chapter
then focuses on the method of thin film fabrication with the introduction of various
deposition techniques including their advantages and disadvantages. The importance
of solution-processed deposition, i.e hollow capillary pen writing to produce macroscopic grain size and long-range order and high crystallinity thin films is explained
including some important factors that need to be considered when performing experiments. This chapter also includes fundamental theory of absorption spectroscopy.
In addition, basic principles of the laser, the spectrometer as well as the charged
coupled device detector and time correlated single photon counting are also explicitly
explained. Finally, this chapter reports in detail the actual setup of all optical exper-
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iments, i.e. absorption, spectrally and temporally resolved temperature dependent
photoluminescence.

3.1

Column Chromatography

Chromatography is a useful separation technique that has been used in chemistry since
1900s. The term chromatography means writing in color in Greek. This technique
was discovered by Mikhail Tswett in 1906. It is a useful method to separate mixtures
that have similar physical and chemical properties. The chromatography technique
separates mixtures based on the distribution of substances between a stationary phase
and a mobile phase. The stationary phase can be a column or thin layer of adsorbent
while the mobile phase is a liquid or gas that moves through the stationary phase.
When the stationary phase is a column packed with solid adsorbent it is known as
column chromatography.
Column chromatography is a solid-liquid purification method with a solid stationary phase and a liquid mobile phase. This technique separates substances based on
their differential adsoprtion by the adsorbent. In other words, the separation of the
mixture is based on the strength of the intermolecular forces between compounds
and the stationary phase as well as the polarity of the mobile phase, which leads to a
different migration rate for each substance in a mixture. The most often used stationary phases in column chromatography are silica gel, alumina, calcium carbonate, etc.
The selection of mobile phase is a crucial step in column chromatography, which is
often determined by performing thin layer chromatography (TLC). The mobile phase
consists of solvent mixtures of varying polarity. The most common case is a two sol-
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vent mobile phase made up of a polar and a non-polar solvent. There are two types
of column chromatography that are often used in chemistry lab nowadays. The first
type is called gravity column chromatography in which the solvents or mobile phase
flow down due to gravity. The second type is called flash chromatography in which
the solvents are forced down by positive pressure, usually nitrogen gas.

3.1.1

Stationary Phase

As mentioned above, the stationary phase consists of a solid adsorbent. The most
commonly used adsorbents are silica gel and alumina. Silica gel is often listed in
different mesh sizes on many chemical company websites (i.e. silica gel 60-100 mesh,
silica gel 200-425 mesh on sigma aldrich). This number represents the number of
holes in the sieve through which the crude silica particle mixture is passed through
during the manufacturing process. In the case of more holes per unit area, the holes
are smaller which allow only smaller silica particles to pass through. In other words,
the higher the mesh values are, the smaller the particle sizes. On the other hand,
lower mesh values mean larger particle sizes. The size of these absorbent particles
influences the flow rate of the solvents down the column. Therefore, depending on
which type of column chromatography needs to be performed, suitable mesh size of
silica gel should be chosen. Specifically, high mesh value silica gel is more appropriate
to use for flash column chromatography while lower mesh values silica gel with larger
particles can be used for gravity column chromatography.
In the case of alumina, not only particle size but also the amount of water that
is bound to it needs to be taken into account. The higher the water content is in
alumina, the fewer polar sites are available for it to bind with organic compounds.
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Commercially, alumina is often sold in different grades in terms of particle sizes, type
of activity and how basic or acidic it is. Specifically, different types of activity of
alumina refers to the amount of water it is treated with to achieve different affinities.
For example, Sigma Aldrich has type I activity which has less than 3% of water
while activity V has 15% of water. Alumina used in column chromatography is also
often treated with an acid or base to adjust the pH of a 10% w/v in water to acidic
(A), neutral (N) or basic (B) pH. The most commonly used alumina is alumina WB
or basic alumina, which is more suitable for separation of neutral compounds while
WN or neutral alumina can be used to separate aldehydes, ketones, quinones, esters.
There are 6 different pH ranges which are often sold by Sigma Aldrich. More specific
information about different grades and types of alumina can be found on the sigma
aldrich product informations website.

3.1.2

Mobile Phase

The solvents used in column chromatography are often vital and key to the result of
the separation. The polarity of the mobile phase affects the rate at which substance(s)
move through the column. Depending on the polarity of the compounds in the analyte, polar or non polar solvents would be considered to be more effective. Specifically,
less polar compounds move faster through the column because they didn’t interact
much with solid phase, which will then separate these compounds. However, when
the solvent polarity is too high, the rate of flow is rapid, which leads to little or no
separation. On the other hand, if the solvent is not polar enough, the mixture will
not move down the column. Therefore, choosing suitable solvents to run the column
determines how successful the separation is or how pure of the product is. In fact,
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thin layer chromatography (TLC) is needed to determine which solvents are suitable
for column chromatography.

3.1.3

Procedure

The procedure for packing a column is described as follows. First, the solid adsorbent
(i.e silica gel or alumina) is made into a slur by mixing the adsorbent with a suitable
solvent. The slur will then be slowly packed into a cylindrical tube or a column with
the bottom being plugged by a small piece of glass wool. Packing the stationary phase
is one of the most important steps in column chromatography. This solid adsorbent
needs to be packed evenly to avoid uneven travel of the substances down the column,
which can cause the separated substances to remix together. Moreover, air bubbles
can easily be formed during the addition of slur into the column, which can leads
to an uneven column. Therefore, tapping the column while packing is a necessary
step to eliminate air bubble formation. Often a layer of sand is added on top of the
stationary phase to keep the top leveled and not to be disturbed when the analyte
is added. Next, the mixture that needs to be separated is dissolved in a suitable
solvent. Finally, the solution of analyte or the mixture of substances that needs to
be separated is gradually added to the column. Small portions of the solution can be
collected in a test tube and tested with TLC again to make sure the product is pure.
Figure 3.1 shows an illustration of a typical column chromatography and an example
of a poor packed column.
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Figure 3.1: 1a) Nicely packed column chromatography. 1b) how eluents flow down the
column for a good separation. 1c) uneven column causing the substances to remix together
after travelling down the column

3.1.4

Purification of different phthalocyanine
derivatives

All phthalocyanine derivatives used in this thesis were purified using the column
chromatography technique described above. The procedure of purification is described
in detailed as follow.
5,9,14,18,23,27,32,36-Octabutoxy-2,3-naphthalocyanine (H2 OBNc) Column chromatography on silica gel was performed to further purify the material using
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100:1 CHCl3 : MeOH as eluents and toluene as a solvent to dissolve H2 OBNc powder.
First, impure H2 OBNc was dissolved in toluene and just enough solvent was added to
obtain a clear dark red solution. H2 OBNc solution was then stirred vigorously. The
column was prepared by mixing silica gel with the combined solvents to make a slur.
The slurry of silica gel was added slowly to the column until it reached about 2/3 of
the column height. The eluents were drained down to the top level of silica gel and
H2 OBNc was then added slowly to the column. The pure product was collected in a
small portion using test tubes. The solid product was obtained by evaporating the
solvents slowly. A second purification with the same procedure was used to ensure
the purity of the product.
5,10,15,20-Tetraphenyl-21H,23H-porphine (H2 TPP) H2 TPP was also further purified using column chromatography following a procedure very similar to the
one described earlier for H2 OBNc. However, in this case H2 TPP was dissolved in
chloroform (CHCl3 ) and a solvent combination of CHCl3 :MeOH in 100:1 volume ratio was used as eluents. The pure product of H2 TPP was then collected by slow
evaporation of solvents. Finally, the crystals were dried under vacuum.
2,3,9,10,16,17,23,24- Octyloxy Phthalocyanine (H2 OCPc) H2 OCPc was
purified using a similar procedure as the two materials above. In this case, CHCl3
was used as a solvent while methanol was the eluent. The pure product was also
collected after slowly evaporating the solvent and then vacuum dried for 6 hours.
1,4,8,11,15,18,22,25-Octabutoxy-29H,31H-phthalocyanine (H2 OBPc) (courtesy of Dr. Naveen Rawat) Synthesis of H2 OBPc performed by Dr. Naveen Rawat
following a procedure developed by Cook et. al. with some modification to obtain
higher percent yield. First, 3,6-dibutoxy-1,2-dicyanobenzene (0.303g, 0.011mol) was
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added to a 250ml round bottom flask containing 15ml of butanol. The mixture was
stirred vigorously and heated to 60o C to obtain a clear solution. Addition of lithium
metal (0.225g, 0.445mol) was done slowly and the solution was continuously stirred
until all lithium was dissolved. The mixture solution was then refluxed under nitrogen
for one hour until the solution turned blue-green color. After cooling to room temperature, glacial acetic acid (150ml) was added to the blue-green solution. Filtration
of the mixture was performed to remove side products and the main product was
collected using rotovap to evaporate the solvents from the filtrate. Next, the product
was dissolved in CH2 Cl2 and extraction was performed in a separatory funnel using
saturated sodium bicarbonate. The organic layer was collected, dried with sodium
sulfate (Na2 SO4) and filtered to obtain the final product. Then, the filtrate was airdried and the final product was collected and recrystallized using 1:19 CH2 Cl2 :MeOH.
After recrystallization, a dark green crystalline solid with 62% yield was obtained.
Finally, the product was further purified using column chromatography with toluene
and ethyl acetate as eluents. NMR characterization of the final product confirmed
the structure and purity of H2 OBPc. The recorded NMR spectra can be found in Dr.
Naveen Rawat’s thesis. []

3.2
3.2.1

Thin Film Fabrication
Thin Film technology

A thin film of a particular material refers to a thin layer of material with the thickness
of a few nanometers to several micrometers deposited on a substrate. There are two
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main categories of solid state thin film, passive and active. The passive thin film
layers are usually used in coatings for surface protection purposes while active thin
film layers are often used as an active layer to generate energy conversion, sensing, etc.
One or more layers of active and passive thin films combine together can create thin
film devices such as thin film transistors, thin film solar cells and thin film batteries,
etc (see Figure 3.2 ). Since the development of thin film devices over 40 years ago,
thin film technology has grown to become one of the most important parts in modern
electronic industries due to the demand and advancement of nanotechnology.

Figure 3.2: Cross sections of thin film devices: batteries (left), transistors (middle), photovoltaics (right)

Thin film technology is prevalent in many applications ranging from microelectronics, optics, magnetic, and coatings to micromechanics. The development of these
areas depends upon the capability to selectively and controllably deposit thin films,
resulting in specific properties of thin films for various desired applications. Moreover,
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the performance of thin film devices is directly influenced by the film crystallinity and
morphorlogy. Therefore, the thin film fabrication process, which determines their microstructure and nanostructure is the foundation of thin film technology. [108] There
are several methods for depositing thin films such as vapor deposition and solution
processed deposition. Each fabrication technique has its own advantages and disadvantages. [108] Both vapor and solution deposition can be achieved either by physical
or chemical process. Physical vapor deposition (PVD) is a technique where a material
is released from a source and deposited on a substrate via mechanical, electrochemical
or thermodynamic processes while chemical vapor deposition (CVD) is the process of
a volatile compound/precursors reacting on a substrate surface resulting in the desired thin film deposit. Some common physical vapor deposition (PVD) and chemical
vapor deposition (CVD) methods include sputtering, thermal evaporation, molecular
beam epitaxy (MBE), laser ablation, low-pressure CVD, plasma-enhanced and laserenhanced CVD. Vapor depositions are often performed in vacuum environment in
order to maintain a well-controlled atmosphere resulting in high quality film structures and low defect density, which requires intensive energy and expensive equipment. [108] On the other hand, solution-processed methods such as casting, printing,
and spin coating are often performed at room temperature and do not require a high
vacuum environment, thus they are cheaper to produce but less controllable. Solutionprocessed thin films can be deposited physically by simply casting materials onto a
substrate and undergoing chemical reactions of a mixture as in the case of sol-gel or
solvothermal. Therefore, these techniques rely heavily on the physical and chemical
properties of materials and solvents such as solubility, evaporation rate of solvent,
and surface tension in order to obtain desired thin films. It is worth noting that there
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are some thin films which require several methods of depositions while the other may
require one particular methods of fabrication. For example, crystalline Si thin films
are often deposited via vapor deposition while most organic semiconductors are often deposited using solution-processed techniques. In inorganic system, the epitaxy
growth method which is based on the lattice mismatch interface betwen the crystal
lattice and the substrate can produce high quality thin films. This technique is hard
to achieve on organic systems due to several reasons. For example, conformation can
change during the growth, which affect the film morphology. Another reason is the
orientational degrees of freedom can tilt structural domain, which results in disorders.
Last but not least, the size of the unit cell as well as the molecules are much larger
than that of inorganic systems, which reduces the interaction between molecules and
substrate. [109] In some cases such as copper indium gallium selenide (CIGS), thin
films may be deposited using both vapor and solution methods. [110, 111]
There are several challenging factors that need to be taken into account when
depositing thin films via solution-processed techniques. One of the challenges is that
most thin film devices consists of multiple layers of thin films with different functionality on top of each other. Therefore, the choice of solvents is really essential in order
to not dissociate the underlying layer while maintain the solubility of the materials in
the top layer. Furthermore, in solution-processed methods, materials are deposited
in bulk, which limits the control of the film morphology. In addition, due to the weak
intermolecular interaction in organic materials, organic thin films often have a polycrystalline nature. This type of crystallinity in thin films has small grain sizes and
randomly oriented crystal alignment, which not only directly affects the performance
of thin film device but also is difficult to study the electronic structures using spec-
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troscopic technique such as probing the exciton coherence using photoluminescence
spectroscopy. Thus, the ability to control the molecular packing resulting in highly
ordered thin films with macrscopic grain size is desirable for improving performance
of electronic devices as well as opening the possibility of investigating the correlation
between electronic structure and long-range order using optical spectroscopy and
imaging. Recently, research has been focussed on trying to develop solution methods
that can optimize the morphology of thin films. A few methods has been successful
in making thin films with macroscopic grain size and high crystalline structure such
as solution-sheared deposition [112] or hollow capillary pen writing [46, 60, 63–65].

3.2.2

Hollow capillary pen writing technique

All thin films used in this thesis were fabricated via a hollow capillary pen writing technique. This solution-processed method was developed in-house by Professor Randall
Headrick at the University of Vermont. [64] The apparatus of this technique includes
an automatically controlled micrometer translational stage from Zaber Technologies,
a rectanglular 0.5x 5.0 mm2 I.D capillary tube mounted on a manually controlled stage
that is perpendicular to the translational stage and a pretreated substrate (vide infra) on top of the translational stage (Figure 3.3a). The procedure for depositing thin
films is described as follows. First, each pure phthalocyanine derivative was dissolved
in toluene to make a solution of 0.5 % w/v concentration. This solution was further
sonicated for approximately 3 minutes to ensure the dissociation of phthalocyanines in
toluene solvent before the fabrication process. The solution containing the materials
was then loaded into a hollow capillary via capillary effect. The pretreated 0.5-inch
diameter C-plane sapphire substrate was mounted on a computer-controlled trans47

lational stage as described above. The capillary tube containing material solution
was lowered as close to the translational stage as possible (within a few millimeters).
An empty Pasteur pipet was used to blow air from the top of the capillary until
the solution forms a meniscus on top of the substrate as shown in Figure 3.3b. The
translational stage was then moved slowly and at a controlled speed using software
provided by Zaber Technologies. The optimum speed used for all thin films in this
thesis was in the range between 8 to 10 µm per second. The thin layer of desired
phthalocyanine films with macroscopic grain size were formed as the capillary moves
across the substrates and the solvent evaporated (Figure 3.3c).The advantage of this
technique is that the nucleation process takes place gradually giving rise to high crystallinity and crystal alignment. Moreover, the quality of the films only depends on the
volatility of solvents, writing speed, wettability of the substrates and concentration of
the solutions. The chemical structure of the molecules does not play a significant role
in determining the outcome of thin film deposition. As is shown, various materials
such as C8-BTBT, TIPs-pentacene, metal and metal-free phthalocyanine fabricated
using this technique with similar conditions still resulted in high crystalline thin films
with long-range order and macroscopic grain size [46, 60–63, 65].
Substrate treatment: All substrates used for thin film deposition in this thesis
were pretreated using the following method in order to increase the wettability of
the substrates. 0.5-inch diameter C-plane sapphire substrates were submerged in 3%
tri-ethoxyphenylsilane (PTS) in toluene solution and heated to 90o C under nitrogen
for 15-17 hours. After cooling to room temperature, the substrates were washed with
toluene and sonicated in toluene for a few minutes. Finally, these substrates were
sonicated in MeOH for another few minutes before thin fi
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Figure 3.3: a) The apparatus of solution-processed pen-writing technique shows thin films
deposition on substrate mounted on the computered-controlled stage can be achieved by translating the stage in one direction (writing direction) after forming a meniscus of solution
contained in a rectangular capillary on the substate. b) Picture of the solution miniscus of
solution touching the surface of substrate. c) Macroscopic grain size of crystalline thin films
of organic alloy H2 OBPc0.5 H2 OBNc0.5 .

lms deposition.

3.3

Absorption Spectroscopy

Absorption spectroscopy is one of the spectroscopic techniques used to analyze the
electronic structures of a material. Upon incidence on materials by a light source (i.e
white light), photons that match the energy gap of the sample are absorbed and the
absorption of photon energy leads to the excitation of electrons from ground state
to excited states. The absorbance plotted as a function of wavelength is called the
absorption spectrum. In organic molecules, the absorption transition in the Q-band
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often falls in the visible and near IR range, which is an important characteristics
in organic electronic applications. The HOMO-LUMO gap is often known as the
optical band gap. The characteristics of this energy gap and the wavelength where
the molecules absorbed depends on the properties of a substance. Different materials
or chromophores will have different absorption wavelengths.
Absorption is typically reported in terms of absorbance (A) or transmittance (T).
Experimentally, the intensities of absorption of a materials and its background (i.e
an empty cuvette or a blank substrate) are both recorded in order to determine the
absorbance of that material. According to the Beer-Lambert law, [113] for a solution
of a material with concentration c and molar absorptivity , the absorbance is the
product of concentration, molar absorptivity and the path length, b, of the sample
that light passes through (Figure 3.1).

A=∗b∗c

(3.1)

where  is a molar absorptivity in unit of Lmol−1 cm−1 .
In general, absorbance is the decadic logarithm of the inverse of transmittance
where transmittance is defined as the ratio between the intensity of light passing
through a material to the intensity of light passing its background (T = I/I0 ). In
order word, the absorbance equation can also be written in terms of intensity ratio
as Figure 3.2 below

A = −log10

I
I0

(3.2)

The optical setup of all absorption measurements performed in this thesis used a
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tunable, 1nm bandwidth, quasi-monochromatic incoherent light source composed of
a white light source (i.e tungsten halogen or Xenon lamp). This light source is then
coupled to a monochromator and the incident beam is mechanically chopped at a
frequency of 276 Hz. After being choppped, the beam is focused to the sample using
optical lenses. After passing through the sample, another focusing lens was placed in
front of the detector in order to ensure the beam is in focus and direct to the center
of the detector. The Si photodiode detector was mounted after the sample to collect
the signals. The actual optical setup of absorption is illustrated in Figure 3.4

Figure 3.4: Schematic of absorption measurement setup for all crystalline thin films investigated in this thesis.
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Wavelength
Pulses (FWHM) [ps]
Max. rep. rate [MHz]
High ave. power [mW]
Low ave. power [mW]
CW power [mW]

LDH-D-C 375nm
375 nm
<90
40
10.0
2.5
50

LDH-D-C 730nm
730 nm
<70
80
6.0
2.0
15

Table 3.1: Laser specfication of two laser heads LDH-D-C 375 and LDH-D-C 730 provided
by Picoquant

3.4

Temperature Dependent Steady State
Photoluminescence (PL)

All photoluminescence experiments performed in this thesis use Picoquant pulsed
laser diodes as a light source for excitation. Pulsed laser diodes from Picoquant
utilize gain switching methods to generate picosecond pulses by introducing a certain
density of charge carriers into the active region of laser diodes in a short period of time.
Excitation sources used in all experiments throughout this thesis are the laser heads
in the LDH-D-C series with wavelength of 375 nm and 730 nm. The specification of
these laser heads including wavelength, pulse width, repetition rate, cw power, high
and low average power is listed in table 3.1. These laser heads are powered by the
picosecond pulsed diode laser driver PDL-800D with repetition rate up to 80 MHz.
This PDL driver base frequencies can be divided by factors of 2, 4, 8, 16 and 32 to
obtain different repetition rates ranging from 31.25 kHz to 80 MHz. It is designed
to couple with a synchronization signal to trigger a Time Correlated Single Photon
Counting system.
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3.4.1

Spectrometer

In general, spectrometers are instruments used to measure spectral components of
some specific physical phenomenon. There are multiple different types of spectrometers such as optical spectrometer, mass spectrometer, and time-of-flight spectrometer.
An optical spectrometer is an instrument that measures properties of light-matter interaction as a function of wavelength. This type of spectrometer applies the optical
dispersion phenonmenon as a basic principle of operation. The dispersion is either
produced by a refraction from a prism or a diffraction grating. Most spectrometers
including the one employed in this thesis are grating spectrometers and their designs
are often based on the Czerny-Turner spectrometer. [114] Fundamentally, this type
of spectrometer consists of an entrance slit, two concave mirrors, a diffraction grating
and an exit slit as shown in figure 3.5a. A detector (often charge coupled device or
CCD camera) is then mounted at the exit slit. The two concave mirrors serve the
purpose of collimating and focusing the beam from the entrance to the exit slit as well
as eliminating chromatic aberration if any. These mirrors are mounted symmetrically
in order to cancel two reflections. As light enters the slit, it passes through the first
concave mirror and then on to the grating where it is dispersed. The first principal
maximum formed by a grating at a certain position will focus on the second mirror
and onto the detector. Thus, the spectrum is collected by rotating the grating.
The diffraction grating used in spectrometers is a ruled grating with the groove
designed to have the sawtooth shape as illustrated in Figure 3.5b. This was done to
achieve maximum grating effect for a given diffraction order. With this design for
grating, the normal to each reflecting surface is inclined at an angle, φ, with respect to
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the normal to the regular ruled grating. This design for ruled grating is called blazing
and φ is the blaze angle. Blazing angle is very important in terms of improving the
brightness of the central maximum or increasing the effeciency of the grating. Blaze
wavelength is another vital parameter of blazed gratings and can be determined using
the blaze angle (λblaze = dsin(2φ)).
Princeton Instrument’s Acton series SP-2300i is the spectrometer employed in all
experimental studies here. Aforementioned, its design is based on the Czerny-Turner
spectrometer. Figure 3.9c shows the picture of SP-2300i design with two exit slits,
one of which was used for CCD camera port. The remaining slit is used to collect
photons onto a photodiode detector for time-resolved measurements.

Figure 3.5: a) Design of Czerny-Turner spectrometer include entrance and exit slits, two
concave mirrors that are symmetric and a blazed diffraction grating. b) Blazed grating
surface shows the offset angle φ between the normal to grating plane and normal to reflection
plane serving the purpose of maximizing the grating efficiency. c) Design of spectrometer
model SP-2300i from Princeton Instrument used in all photoluminescence experiments. The
design in this model is based on Czerny-Turner spectrometer setup.
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3.4.2

Spectral Correction

In many cases, photoluminescence measurements often have the overall intensities
that contain the real signals from the samples and the response from optical components in the setup such as light source, grating, detector and beam splitter. Therefore,
it is essential to correct PL spectra before performing analyses. This correction takes
into account the efficiency of many optical components ranging from grating and detector efficiency to percentage of transmission and reflectance of beam splitters over
a desired range of wavelength. The corrected intensity for PL spectra is the ratio of
the measured PL intensity to the correction factor (see eq 3.3).

IP L =

Imeasured
spectralcorrection

(3.3)

where IP L is the corrected PL intensity of the samples and Imeasured is the PL intensity
recorded from PL experiments. The spectral correction factor used to correct all
spectra in this thesis consists of (1) the percentage of transmission of beam splitter
for different polarization over a desired range of wavelength, (2) the grating efficiency
and (3) the CCD detector response. The total correction factor is the product of the
response of all three optical components. Thus, the final equation for correcting PL
spectra is

IP L =

Imeasured
(3.4)
(CCDresponse) ∗ (gratingef f iciency) ∗ (beamsplittertransmission)

After performing spectral correction in all PL spectra, they were fitted using Peak-
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fit software and all features were fitted with asymmetric double gaussian functions
due to their inhomogeneous characteristics . Figure 3.6 shows an examples of the
fitting for four pure phthalocyanine derivatives. In the case of H2 TPP, PL spectra
were fitted with 6 features while H2 OCPc spectra were fitted with 3 features. For
both H2 OBPc and H2 OBNc, 4 asymmetric gaussian features were fitted to achieve a
perfect fit. The fitting output of each individual feature includes integrated intensity,
peak energy and full width at half maximum (FWHM) in nm scale. These fittings
were performed throughout the entire temperature range for all four materials in this
study.
Organic alloys has more complicated PL spectra with multiple features, especially
at low temperature. Therefore, the fitting was always done for low temperature PL
spectra first to figure out the number peaks that are needed to be used to fit the
whole spectrum. As a example, figure 3.7 below shows an example of the fitting for
50% alloy mixture.

3.4.3

Temperature dependent PL setup

All temperature dependent PL experiments performed in this thesis ultilize a coherent
narrow band output of a Picoquant pulsed laser (vide supra) as an excitation source.
The output beam was then directed to a pair of lenses that were placed at a distance
equal to their total focal lengths forming a telescope setup. This design ensures the
beam is collimated. The collimated light ray was guided onto the sample located at 90
degree angle compared to the excitation source using the beam splitter. Finally, the
beam is focused to a diffraction limited spot (5µm in diameter) by a small focal length
lens in front of the sample. The focused laser beam was precisely positioned within
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Figure 3.6: PL spectra at 4K of H2 TPP, H2 OCPc, H2 OBPc and H2 OBNc (solid line) and
their fitting features (dash lines).

a single crystalline grain using a long working distance telescope that monitored the
sample surface without disturbing the optical alignment of the photoluminescence
experiment. Finally, the luminescence signal was collected in backscattering geometry
onto 0.3 m focal length spectrometer SP-2300i coupled to a thermoelectrically-cooled
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Figure 3.7: PL spectrum at 4K of H2 OBNc0.5 H2 OBPc0.5 (solid line) and its fitting features
(dash lines).

CCD camera. Temperature dependent PL was done by mounting the sample into a
4K helium-flow Oxford MicrostatHe-R. In this cryostat design, the sample is seated
on a cold finger in vacuum and it is cooled down by a continuous flow of helium
transferred from a dewar using a liquid helium transfer line. The temperature was
monitored and controlled by a temperature controller that is coupled to the cold
finger. The power to the sample is always kept below 100µW for all experiments
employed here. The entire PL setup is shown below (Figure 3.8) without showing the
helium dewar and liquid helium transfer line.
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Figure 3.8: Temperature dependent photoluminescence setup employed in this thesis is
shown. The iillustration of optical setup does not reflect the actual distance between optical components nor their actual size for clarification.

3.5

Time-resolved Photoluminescence

For time-resolved measurements, in addition to the setup of steady state PL described
above, a photodiode was mounted in the back exit slit of the spectrometer where
photons are collected. This detector and the Picoquant laser controller were then
coupled to TCSPC as the signal channel and reference channel for time-resolved
measurements. Details of the TCSPC working principle is explained below.
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3.5.1

Time correlated single photon counting
system (TCSPC)

As previously stated, time-resolved photoluminescence spectroscopy (TRPL) is an
important technique providing both spectral and temporal evolution of the emission
of a material after an excitation by a laser pulse. Specifically, a laser pulse excites
a sample generating an exciton and this exciton recombines and emits light. This
emission spectrum corresponds to some transition energies and the measurement of
the emission as a function of time gives information on the structure and dynamics
of that material. Since the lifetimes of the exciton recombination is very fast, usually
on the picosecond time scale, typical detectors cannot provide enough resolution to
temporally resolve the recorded signals due to their significantly slower response time
than the decay of an exciton. For example, if a material has the exciton recombination
lifetimes at a scale of 100 ps, the detector resolution should be in the 10 ps range in
order to reliably resolve the signal. Due to the difficulty of obtaining the temporal
resolution on a regular electronic system and the weak emission signal used to create
an analog voltage, it is necessary to use a special device or setup in this case for
accurately recording the lifetime measurements.
There are a few methods to record exciton lifetimes such as time correlated single
photon counting (TCSPC), streak camera, fluorescence upconversion, optical Kerr
shutter and phase fluorimetry. While TCSPC and streak camera rely on fast elecronic components, fluorescence upconversion and optical Kerr shutter are based on
nonlinear optical effects. Phase fluorimetry on the other hand is a frequency domain
time-resolved spectroscopy. Each of the mentioned methods has its own benefit and
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drawbacks. For TCSPC, the main advantage is the low intensity requirement of the
excitation beam in order to have one emitted photon per excitation pulse. However, this technique has a limited time resolution and it is only a single wavelength
technique. The basic principle of operation of TCSPC is described in detail below.

Figure 3.9: Schematic of a basic measurement of start-stop time in TCSPC for time-resolved
photoluminescence spectroscopy. The excitation pulse signal a start time and the presence
of the emitted photon signals a stop time. The measurement of the decay is the duration
between the start-stop time. This process is repeated multiples to create a histogram of time
decay measurement.

TCSPC is a useful electronic method to record the decay times based on registering
the timing of single photons of a photoluminescence signal when using the excitation
of an ultrafast laser pulse as a reference for the timing. In other words, a measurement
of TCSPC happens between an excitation pulse (registered as Start time) and the
observation of the first photoluminescence photon (registered as Stop time). This
start-stop time is illustrated in Figure 3.9 above. Specifically, a laser pulse is split
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into two, one used to excite the sample and one used as a reference signal. The
reference signal is passed through a constant fraction discriminator (CFD), which is
used to measure the exact arrival time of the laser pulse. This signal is then passed
through a time-to-voltage converter or time-to-amplitude converter (TAC) to start
the counting. The signal of the emitted photon from the sample after being capturing
by the detector is also passed through CFD and finally through the TAC, where it
is recognized as a stop signal. As a result, the TAC accumulates the voltage that
contains the delay time between an excitation of a laser pulse and the observation of an
emitted photon or emission. This voltage from TAC can be converted to a numerical
value by an analog-to-digital converter or ADC. The voltage corresponding to the
duration of two pulses is recorded in multichannel analyzer. Finally, a histogram of
the decay is recorded after repeating the process multiple times with a pulsed laser
source. In a Picoquant TCSPC, the TAC and ADC are replaced by time-to-digital
converter or TDC, which create a compact, low cost and high reliability system.
It’s worth to mention that in Picoquant TCSPC system, each input channel has an
independent CFD and TDC to process the signals. Details of the electronic operation
in TCSPC are beyond the scope of this thesis and can be found in the technical note
by Picoquant. There are a few factors that needs to be considered when setting up an
experiment using TCSPC. One of which is that the count rate at the detector needs
to be within 5% of the excitation rate in order to maintain single photon counting in
each excitation cycle.
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Chapter 4
Intermolecular interaction effect
on exciton coherence
As discussed in chapter 2, the aromaticity of macrocycles and extended π-conjugation
can drastically influence the electronic structures of organic molecular crystals due to
the effect of intermolecular interactions between nearest neighbors and their molecular
packings. Specifically, the spatial extent of exciton coherence is proved to enhance
with increasing intermolecular interactions. [23] This chapter focuses on the effect
of intermolecular interaction on exciton coherence. Materials of this study is four
soluble derivatives of phthalocyanines that have different π-conjugation ring size and
alkyl side chain substituents. The comparative results of the exciton coherence length
within four investigated thin films will be presented. Finally, the correlation between
intermolecular interaction, exciton-phonon coupling and exciton coherence length of
the investigated materials will be discussed in detail.
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4.1

Introduction

As stated in chapter 2, the formation of exciton in organic crystals is due to weak
Van-der-Waals interaction and they are usually known as Frenkel excitons. Due to
these Frenkel excitons are tightly bound together, the transport can only happen in a
hopping mechanism as described in chapter 2. However, if there is an existence of long
exciton coherence length in organic system, the hopping mechanism is no longer valid
but instead excitons can travel ballistically and are only limited by the domain size of
the crystalline structure in organic system. In fact, recently quantum coherence effect
in organic systems has been getting a lot of attention. [115] It has been shown that
an increase in coherent transport gives rise to many advantage electronic applications
and improve device efficiencies. [116–119] Therefore, an thorough understanding of
coherence behavior is proved to be crucial in optimizing device performance.
The wavefunction of exciton in organic system can spread over several molecular
units due to strong intermolecular interactions within organic crystal which promotes
exciton delocalization and coherence. However, this process is often limited by the
thermally-activated interaction of exciton-phonon coupling which occurs in a realy
fast time scale (in the ps range). [40,116,120] Therefore, it is challenging to probe and
measure the exciton coherence process. Recently, there are many studies shows the
method of determining exciton delocalization or coherence based on various optical
spectroscopies such as time-resolved PL, temperature dependent PL as well as 2D
spectroscopy. [41, 98, 121]
Intermolecular interactions in small molecule crystals play an important role in
the exciton delocalization process and can lead to robust exciton coherence. [23] The
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spatial extension of this delocalization, and the exciton coherence length, significantly influence practical applications that rely on excitonic radiative recombination,
dissociation or electron transport. In this study, we employ temperature-dependent
steady-state and time-resolved photoluminescence (PL) spectroscopy to investigate
the effect of alkyl substitutions and dynamic disorder (i.e. exciton-phonon coupling)
on exciton coherence using crystalline thin films of porphyrin and phthalocyanine
derivatives. Specifically, the exciton coherence lengths, nearest neighbor intermolecular interaction strength and exciton phonon coupling strength of H2 TPP, H2 OCPc,
H2 OBPc and H2 OBNc crystalline thin films are measured using two methods: (1) the
PL intensity ratio between 0-0 and 0-1 vibronic peak intensities, and (2) a two-state
model for the evolution of excitonic radiative lifetimes as a function of temperature.
The largest coherence length (approx 15 nm) was measured for the octabutoxy derivative, where the saddle shape of the molecules and the crystalline packing result in
weaker coupling to the acoustic phonons (low energy) modes. In these films, the
coherent excitons are observed up to temperatures as large as 100K. Enhancing the
size of the macrocycle ring also results in long cohrence lengths in spite of larger
intermolecular nearest neighbor (NN) distances. Surprisingly, the coherent exciton
is absent from the porphine thin films, characterized by the shortest NN distance
among the four different films under investigation. This comparative study shows
that robust coherence is a result of a complex interplay between the NN π-orbital
overlap, the vibrational energies and the preferred coupling to various vibrational
modes. Furthermore, it provides soluble small molecule design and selectrion criteria
for applications requiring long exciton cohrence, reducing the parameter space for
future theoretical predictions of new materials for organic electronics.
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4.2

Soluble Phthalocyanines

As discussed in chapter 2, phthalocyanine molecule is a pseudo-two dimensional aromatic macrocycle with 18-π delocalized electrons containing four isoindole units connected by four nitrogen atoms, which makes this molecules thermally and chemically
stable. This phthalocyanine family is a well-studied family with many well-established
synthetic routes for modification of solubility and tuning the bandgap energies without change the π-conjugated backbones of the macrocycle ring itself. The common
derivatives of phthalocyanine are the ones with various alkyl chains substituents in
different positions of the macrocycle ring, providing the solubility in organic solvents,
engineering the absorption edge and dramatically change the molecular packing in
solid states. In this study, the focus is on the electron-donating group, alkoxy side
chain, substituted at either peripheral or non-peripheral positions of the phthalocyanine ring. The positions where these alkoxy chains are substituted as well as
the number of carbon in the chain can shift the absorption edge, especially the Qbands, in different way according to Kobayashi. [95] While H2 Pc is planar, alkoxy
substituents on Pcs rings deviate them from planarity and increase their solubility
in organic solvents. These aliphatic side chains not only improve the solubility of
the macrocycles but also enhance intermolecular interactions in molecular crystals or
aggregates, which significantly affects the electronic structures and excitonic properties of these materials, specifically excitonic coherence. This chapter will focus on
four derivatives of phthalocyanines, i.e. H2 TPP, H2 OCPc, H2 OBPc, and H2 OBNc,
with their chemical structures shown in figure 4.1. These four derivatives show the
red-shift in absorption spectra as the π conjugation of the macrocycle rings increases
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with a clear observation of color variation in solution forms, which give rise to the
possibility of bandgap engineering in organic systems (figure 4.1). Moreover, these
materials can be used as photosensitizer or photoconducting agent that have potential
applications in electronics.

Figure 4.1: a) Structure and solutions of H2 TPP, H2 OCPc, H2 OBPc and H2 OBNc (from
left to right respectively). b) Solution absorption spectra of H2 TPP (black), H2 OCPc(red),
H2 OBPc (green) and H2 OBNc (blue) show an increasing red shift of the HOMO-LUMO
energy with increasing conjugation size.

4.2.1

Tetraphenylporphyrin (H2TPP)

Porphyrins are heterocyclic aromatic compounds consisting of four pyrrole subunits
linked together by methine bridges as shown above in Figure 4.1. Similar to metal free
phthalocyanine (H2 Pc), metal free porphyrin also has D2h symmetry while D4h symmetry can be found in metal porphyrin. Metal porphyrins are important porphyrin
derivatives because these materials are an essential building block in biological compounds such as hemoglobin, myoglobin or chlorophyll, etc. Various side chains can
be substituted onto the porphyrin macrocycle ring to increase solubility and use in
different applications.
5,10,15,20- tetraphenyl-21H,23H-porphine, known as tetraphenylporphyrin (H2 TPP)
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is a soluble derivative of porphyrin that have four phenyl groups symmetrically substituted at the oxidatively sensitive meso carbon positions as illustrated in Figure 4.4e.
Therefore, this synthetic compound is also known as meso-tetraphenylporphyrin.
H2 TPP is hydrophobic and can be dissolved in non-polar solvents such as chloroform or benzene, promoting solution-processed deposition. H2 TPP single molecule
absorption is known to show an intense Soret band at around 413nm and four weak
transitions in the Q-band that are in the visible range (Figure 4.1). Fluorescence
emission of H2 TPP does not show any Stoke shift compared to the absorption spectrum. H2 TPP can aggregate easily in solution to form molecular aggregates. In
addition, X-ray crystallographic studies by various groups has shown that H2 TPP
crystal structure is triclinic and has space group of Pbar1 with D2h symmetry and
the lattice parameters can be found in detail in reference. [70, 122] As seen in the
chemical structure of H2 TPP, the pyrrole and phenyl groups are independently planar and centrosymmetric, however, the overall H2 TPP molecule is nonplanar with
the phenyl groups rotates 60o out of plane of porphyrin ring. [122] This significantly
affects the molecular packing of H2 TPP in solid state, especially π-π orbital overlap.
Figure 4.4i shows the crystal structure of H2 TPP adapted from the crystallography
data by Silvers et.al. [122]
H2 TPP compound in this study was purified using column chromatography with
the procedure described in detail in chapter 3. Thin film of this molecule was fabricated using solution-processed hollow capillary technique with speed of 30µm/s. Due
to the poor solubility of H2 TPP in chloroform, thin film of H2 TPP still exhibits grain
size in the tens of micrometer, which is larger than our diffraction limited optical
beam used in photoluminescence experiments (approx. 5 µm). This ensures no effect
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Figure 4.2: Photoluminescence spectra and time-resolved PL of H2 TPP (left) and H2 OCPc
(right) at various temperature

of thin film disorders on the excitonic properties of H2 TPP during this study. The
typical broadening in absorption of H2 TPP thin film compared to the solution counterpart is observed, indicating the presence of intermolecular interactions and π-π
orbital overlap between nearest neighbors.
Spectrally-resolved and time-resolved PL studies were performed on H2 TPP thin
films using excitation beam at 375nm and 10MHz repetition rate. The evolution
of temperature dependence PL of H2 TPP thin film as a function of temperatures is
shown in the left of figure 4.2. There is no significant changes as temperatures increase suggesting the strong coupling of excitons to lattice vibration which completely
localizes the exciton even at low temperature. The time-resolved PL shows extensively long decay times which further confirms the localization of exciton in H2 TPP.
Further details into the dynamics of H2 TPP exciton will be discussed below.

4.2.2

Octyloxyphthalocyanine (H2OCPc)

2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31H-phthalocyanine or octyloxy phthalocyanine for short (H2 OCPc) is a soluble derivative of phthalocyanine with eight alkoxy
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Figure 4.3: a) Photoluminescence spectra of H2 TPP, H2 OCPc, H2 OBPc and H2 OBNc in
solution at room temperature (dot line), thin films at room temperature (dash line) and T
= 4K (solid line). b) Time-resolved photoluminescence decay of H2 TPP and H2 OCPC thin
films recorded at energies of 725 nm and 775 nm, respectively show long lifetimes similar
to typical molecular chromophores lifetimes for both H2 TPP and H2 OCPc (in the range of
tenths nanoseconds). c) Time-resovled photoluminescence decays of 930 nm and 945 nm
for H2 OBPc ( green) and H2 OBNc (blue) reveals the exciton lifetimes are ten times shorter
for the octabutoxy derivatives.

groups substituted on eight peripheral benzo positions of the Pc skeleton Figure 4.4h.
According to Kobayashi, not only the nature of substituents but also number of sub-
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stituents and the positions of substituents on Pc ring can affect the electronic absorption and intensity of fluorescence spectra of Pcs. [95] Specifically, the same number
of electron-donating groups substituted at the non-peripheral benzo positions results
in the redshift of Q-band of Pcs absorption spectrum while blueshift of absorption
Q-band was found in Pcs with same substituents at peripheral benzo positions. On
the contrary, electron-withdrawing groups substituents on Pc skeleton results in a
completely opposite shift in absorption spectra. In addition, increasing number of
substituents also give the same outcome as electron-withdrawing groups. In fact,
H2 OCPc with electron donating group of octyloxy substituent at peripheral positions
has the solution absorption spectrum blue-shifts compared to that of non-peripheral
octabutoxy substituted Pc as observed in Figure 4.1. As stated in Dr. Zhenwen
Pan thesis, the absorption spectrum of solution H2 OCPc molecule shows two peaks
around 662 and 700 nm in the Q-bands which belongs to the transitions from ground
state a1u to b2g and b3g , respectively. Furthermore, fluorescence spectrum of solution
H2 OCPc only shows one peak Q(0,0) which belongs to radiative relaxation from b2g
to a1u . A large Stoke shift was observed in emission spectrum of H2 OCPc spectrum.
Similar to H2 TPP, H2 OCPc was also purified after purchasing from Sigma Aldrich
(details of purification process can be found in the experimental section in chapter 3).
After disolving in toluene to create 0.5% w/v solution, thin film of H2 OCPc was also
deposited using the same hollow capillary deposition technique as H2 TPP. In this
case, macroscopic grain size was observed in H2 OCPc thin film (Figure 4.4d). [46]
Absorption of H2 OCPc thin film also showed the broadening compared to H2 OCPc
single molecule absorption and still blueshift compared to the octabutoxy derivatives
as in solution form. Temperature dependence steady state and time-resolved PL were
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revisited on H2 OCPc thin film. Representative of several temperatures PL spectra
and PL decay times were shown in Figure 4.2. As temperatures increase, PL spectra
initially redshifted but significantly blueshifted after 100K. Furthermore, PL decay
times were shorten with increasing temperatures. The evolution of PL and decay
times of H2 OCPc thin film indicates the localization of exciton despite increasing
intermolecular interaction due to addition of alkoxy side chains. More details on
comparative discussion of electronic structures and optical properties of H2 OCPc
with other phthalocyanine derivatives can be found in the discussion below.

4.2.3

Octabutoxyphthalocyanine (H2OBPc)

As previous stated, phthalocyanine derivatives with addition of side chains do not only
serve the purpose of increasing their solubility in organic solvents but also can chemically engineer the HOMO-LUMO, which in turn tune the electronic and excitonic
properties of these materials. In addition, various side chains substituted on Pc ring
affect the molecular packing. Soluble derivative of phthalocyanine, 1,4,8,11,15,18,22,25octabutoxy-29H,31H-phthalocyanine (H2 OBPc), consists of eight butoxy groups attached at the non-peripheral benzo position of Pc ring forming a bulky and floppy
side chain around Pc skeleton (Figure 4.4f). As mentioned above, this type of Pc
derivative possesses butoxy eletron-donating group at eight non-peripheral positions
shift the Q-band absoption to longer wavelength. Significant Stoke shift of H2 OBPc
emission can be observed and the large red-shift of PL spectrum of H2 OBPc thin film
at low temperature compared to that at room temperature indicates the presence of
coherent excitons. [46,60] The studies by Dr. Manning and Dr. Rawat confirmed the
coherent exciton existence at low temperatures. Furthermore, these authors showed
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Figure 4.4: a) Polarized microscope images of solution-deposited crystalline thin films investigated here reveal macroscopic grain sizes, in agreement with previous reports. b) The
molecular schemes of the four porphine and phthalocyanine derivatives highlight how the
macrocycle ring size can be changed within this small molecule family. c) Crystalline packing of these small molecules can be radically changed by attaching alkyl chains of various
sizes. The unit cell, molecular packing, the NN distance along the stacking axis reported in
literature are shown for three of the four molecules under study d) Thin films absorption
spectra of H2 TPP (black line), H2 OCPc (red line), H2 OBPc (green line) and H2 OBNc (blue
line) exhibit an increasing red shift of the HOMO-LUMO gap with increasing macrocycle
ring size.

that H2 OBPc can form molecular crystals that oriented in pseudo one dimensional
chain with the stacking axis along high mobility axis.
For this study, temperature dependence PL studies of H2 OBPc is revisited to investigate the intermolecular interaction effect on coherent exciton of this materials
compared to other phthalocyanine derivatives. Thin film of this materials was fabricated using solution-processed deposition mentioned above. Macroscopic grain size in
the hundreds of micrometer was observed (Figure 4.4b). Absorption of H2 OBPc thin
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film is significantly broadened due to the intermolecular interaction between nearest
neighbor as seen in Figure 4.1 and Figure 4.4. Crystal structure of H2 OBPc shows
two different intermolecular distances in the lattice (d1 = 4.961 Å and d2 = 4.848
Å) (Figure 4.4j). It is worth to note that the side chain significantly influence the
molecular packing and crystalline structure of H2 OBPc compared to the non soluble
H2 Pc with different stacking angle and the stacking axis along c-axis of the unit cell.
Temperature dependent PL spectra and PL decay times of H2 OBPc are shown
on the left of figure 4.5. The same trend is observed for PL spectra as temperatures increase. PL spectra shows the initial redshift up to about 100K and a sudden
blueshift after this temperature suggesting the disappearance of coherent exciton at
higher temperature due to the coupling to phonon mode. The PL decay times at 4K
is shorter than PL decay times of both H2 TPP and H2 OCPc indicating a weaker coupling to vibration mode at low temperature. More detailed analysis and comparation
of the exciton coherence and the coupling to phonon will be explained below.

Figure 4.5: Photoluminescence spectra and time-resolved PL of H2 OBPc (left) and H2 OBNc
(right) at various temperature.
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4.2.4

Octabutoxynaphthalocyanine (H2OBNc)

Naphthalocyanine is a derivative of phthalocyanine with four benzene rings directly
attached to the Pc skeleton through benzannulation to extend the macrocycle ring
π conjugation (Figure 4.4g). This compound is very stable and exhibits an intense
absorption in the red region. However, same as phthalocyanine, naphthalocyanine is
not soluble, which prevents them to be good candidates for many applications. As
mentioned above, the addition of alkoxy, i.e. butoxy, to the Pc rings at eight nonperipheral positions does not only increase the solubility but also further shift the
Q-band into near IR region, which makes them ideal candidates for photovoltaics,
optical data storage devices, etc. Therefore, this study focuses on naphthalocyanine
derivative with the same side chain as phthalocyanine, the butoxy group, at nonperipheral positions. The octabutoxy naphthalocyanine (H2 OBNc) in solution as well
as in thin films show further redshift into the near IR region compared to H2 OBPc
due to increasing π conjugation. Thin film absorption also appears to be broader than
absorption of H2 OBNc in solution due to the same reason mentioned before (Figure
4.4)l).
Thin films of H2 OBNc was made following the same method as the other three
phthalocyanine derivatives. Due to the limit in solubility of H2 OBNc in toluene, the
quality of thin film is not as ideal as in the case of H2 OBPc. However, we were
able to obtain large enough grain to satify the diffraction limited condition in optical
spectroscopy studies. The crystal structure of this material was solved by Royer,
revealing the monoclinic crystal structure with 6 molecules per unit cell. The nearest
neighbor distance along the stacking axis was found to approximately 6.6Å, signigi-
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cantly larger than the intermolecular distance in H2 OBPc. This suggests an expected
weaker intermolecular interaction between nearest neighbor in the crystalline structure of H2 OBNc, which will affect the coherence behavior of exciton in the system.

Figure 4.6: DFT calculation of molecular orbitals of H2 TPP, H2 OCPc, H2 OBPc and
H2 OBNc (from left to right respectively) shows the delocalization of HOMO and LUMO
orbitals across the macrocyclic ring. The alkyl side chains and the π-conjugation alter the
symmetry of these orbitals, most notably in H2 OBPc.

PL spectra of H2 OBNc thin film at room temperature and 4K shows large redshifts
compared to the solution counterpart. Temperature dependent PL studies are also
employed to investigate the excitonic coherence of this materials. The evolution of PL
spectra as a function of temperature reveals a similar trend as in the case of H2 OBPc
and H2 OCPc (Figure 4.5). The PL decay time is longer than that of H2 OBPc but
significantly shorter than H2 TPP and H2 OCPc PL decay times. Further comparative
analysis will be discussed in detail below.
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Figure 4.7: Temperature evolution of the intensity ratio of the excitonic photoluminescence
and its phonon replica: a) H2 TPP, b) H2 OCPc, c) H2 OBPc, and d) H2 OBNc. In 1D J-like
crystals this ratio, I0−0 /I0−1 ' Lcoh + 1, represents the coherence length measured in units
of NN separation. The data indicates Lcoh equals 3 in H2 OCPc, 34 in H2 OBPc and 15 in
H2 OBNc thin films. The slope is proportional to the exciton band curvature ~ωc (see Figure
4.1).

4.3

Results and Discussion

Figure 4.4 shows the absorption spectra of H2 TPP (black), H2 OCPc (red), H2 OBPc
(green) and H2 OBNc (blue) thin films recorded at room temperature. H2 TPP thin
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films shows a distinct Soret band with intense UV absorption, followed by a weaker
Q-band with four distinct peaks at 523nm, 557 nm, 597 nm, and 655nm, very similar
to the absorption in the solution (Figure 4.1 and Figure 4.4). In contrast, the absorption spectra of H2 OCPc, H2 OBPc and H2 OBNc thin films are significantly broader
and red-shifted compared to their solution counterparts. This is a typical indication
of strong intermolecular interaction and the formation of delocalized states (bulk)
in the systems. Moreover, the absorption edge red-shift increases with increasing π
conjugation (Figure 4.1 and Figure 4.4). The large red-shift of the absorption spectra
originates in the slip-stacking pattern which is known to enhance the π-π intermolecular overlap [123, 124]. It is interesting to note that while the overall absorption edge
energy decreases with increasing macrocycle ring size, the largest Stoke shift is measured in octabutoxy phthalocyanine thin films, which indicates that largest coherence
length might exist in the system.
Previous studies on dinaphtho[2,3-b:2,3f]thieno[3,2-b]thiophene (DNTT) derivative molecules with similar akyl chains have indicated that subtle changes in the π
orbital configuration might lead to significant changes in the excitonic properties or
possible enhancement of coherence length [23]. For the phthalocyanine family, calculations of HOMO and LUMO orbitals point toward very distinct π orbital stacking in
the case H2 OBPc and H2 OBNc compared to H2 TPP (Figure 4.6). Specifically, there
is an asymmetry in the HOMO orbitals in comparison to H2 TPP molecule. The
asymmetry originates in the nonplanar shape of the H2 OBPc and H2 OBNc induced
by the presence the octabutoxy ligand. The deviation from planarity is quite notable
in H2 OBPc where the presence of the alkyl chains leads to an entirely different crystalline structure and stacking pattern in comparison to the parent molecule. In short,
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Figure 4.8: Excitonic energy values corresponding to the PL peak as a function of temperature for a) H2 TPP, b) H2 OCPc, c) H2 OBPc, and d) H2 OBNc thin films. For all films,
with the notable exception of H2 TPP, there is a well-defined temperature where the slope of
E vs T changes sign. (T = 50K in the case of H2 OBNc and at T = 150K in the case of
H2 OBPc and H2 OCPc.)

based on the preliminary absorption and characterization correlated with molecular
calculation and crystalline structures, a more robust coherent exciton state is forming
in the octabutoxy derivative thin films in spite of its larger NN distance compared to
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that of the H2 Pc parent molecule.
To verify this hypothesis, a comprehensive temperature dependent time-resolved
PL spectroscopy was conducted on all the studied samples. Previous linear dichroism/photoluminescence experiments revealed the existence of a delocalized singlet
exciton in H2 OBPc linearly polarized along the stacking axis [46, 61] proving the
intermolecular interactions are strong enough to break the molecular radiative recombination selection rules.
The comparison between photoluminescence spectra in solution and thin films (4K
and 300K) shown in figure 4.3a indicates the presence of a delocalized exciton at low
temperature in all molecules with the notable exception of H2 TPP. In all cases, at 4K
the photoluminescence spectra is red-shifted with respect to the solution and room
temperature spectra. In the case of the H2 OBPc derivative, the full width at half maximum (FWHM) is significantly smaller than the one measured in solution, a possible
signature of the presence of the coherence delocalized excitonic state. The PL decay
times associated with this delocalized exciton at 4K presented in Figure 4.3b and c
support this hypothesis. The octabutoxy thin films are characterized by the nanosecond photoluminescence decay times at low temperature, while H2 TPP and H2 OCPc
exhibit 10 times longer radiative decay, consistent with typical molecular exciton
recombination lifetimes. In conclusion, the low temperature PL of the octabutoxy
species (H2 OBPc and H2 OBNc) bear the closest resemblance to the coherent exciton
recombination observed or predicted in similar molecular systems [102, 125, 126].
Several theoretical and experimental studies have shown how temperature dependent PL in organic semiconductors can be employed to extract the coherence length
in these systems. Specifically, in a one dimensional system the coherence length, in
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unit of nearest neighbor separation along the stacking axis, is given by ratio of PL
intensity associated with coherence exciton recombination and its first vibrational
replica (I0−0 /I0−1 ' Lcoh +1), [32, 41, 100]. This ratio is inversely proportional to the
square root of temperature. The coefficient of proportionality is a measure of nearest
neighbor interaction strength, JN N along the stacking axis as shown in Figure 4.1. In
real systems, the coherence length is limited by static and dynamic disorder, which
leads to temperature independent coherence length observed at low temperature [100].
The energy of ~ωc also represents as the curvature of parabolic dispersion near k = 0
(E(k)∼ E(0) + ~ωc k 2 ) [100].
IP0−0
L
0−1 =
IP L

s

4π~ωc
, ~ωc ' JN N
kB T

(4.1)

In order to accurately extract the coherence length from the temperature dependent PL experiment, we performed a fitting using asymmetric Gaussian function for
each spectrum recorded at several temperatures between 4K and 300K. The evolution
of I0−0 /I0−1 with temperature extracted from these spectra is presented in Figure 4.7.
The octabutoxy species exhibit a sizable coherence length at low temperature (extended over 35 chromophores in the case of H2 OBPc and 14 chromophores in the case
of H2 OBNc). In contrast, in H2 TPP and H2 OCPc, the dynamic disorder limits this
coherence length to just a few molecular units, essentially localizing the exciton even
at 4K. The excitonic band curvature, ~ωc , extracted from the slope of the 0-0/0-1 PL
ratio as a function of T−1/2 , is at least an order of magnitude larger in the octabutoxy
derivatives. This is consistent with our previous observations and theoretical predictions that indicate a larger exciton band curvature leads to superradiant emission and
larger coherence length. It is also important to note that in all cases the coherence
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Figure 4.9: Arhenius plots of photoluminescence intensity quenching in a) H2 TPP (black),
b) H2 OCPc (red), c) H2 OBPc (green), and d) H2 OBNc (blue). The activation energies
extracted from the fitting are a) 15 meV, b) 34 meV, c) 28 meV and d) 11 meV for H2 TPP,
H2 OCPc, H2 OBPc, H2 OBNc, respectively.

lengths are limited by the dynamic disorder (coupling to phonons) since the I0−0 /I0−1
ratio saturates at low temperature. We are confident that static disorder (structural
domain size) no longer plays a role in limiting coherence length in our films. Previously reported grazing incident X-ray data recorded in similar films indicated the
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domain sizes were so large that our GIXRD resolution was not sufficiently high to
accurately estimate them [60].
Another interesting point to note in relation to the evolution of coherence length
with temperature presented in Figure 4.7 is the large scattering of data points around
a specific temperature for each investigated sample. In H2 OBPc, temperature dependent linear dichroism imaging experiments revealed a rotation of the excitonic dipole
takes place precisely at that temperature [46]. The study concluded this dipole rotation with the reorientation of the molecular plane toward stacking axis. The significance of this temperature in solving the puzzle of this excitonic state in these systems
is revealed when the coherent exciton energy, extracted from the fitting, are plotted
as a function of temperature (Figure 4.8). All studied samples show a red-shift with
increasing temperature, very much in accordance with typical bulk exciton behavior
in semiconductor in general [127]. Once again, it should be noticed that the octabutoxy derivatives exhibit a relatively small shift with temperature compared to H2 TPP
and H2 OCPc. Once the temperature reaches the specific value associated with the
rotation of the excitonic dipole, the exciton energies suddenly exhibit a blue shift
with increasing temperature or remain essentially constant, in the case of H2 TPP.
This dependence seems to indicate the presence of a temperature activated decoherence mechanism. Quantitative information about this mechanism can be obtained
from the Arrhenius plot of the exciton photoluminescence intensity. The activation
energies for the PL quenching extracted from this analysis along with the Arrhenius
plot are presented in Figure 4.9. It is interesting to note that unlike the cohrence
length and exciton bandwidth, these energies (also reported in table 4.1) do not seem
to follow any specific trend and they are comparable to each other. Since the only
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Table 4.1: Summary of all excitonic parameters extracted using temperature dependent timeresolved photoluminescence spectroscopy for H2 TPP, H2 OCPc, H2 OBPc and H2 OBNc.

Samples

H2 TPP
H2 OCPc
H2 OBPc
H2 OBNc

Band
Curvature,~ωc
(meV)
1(+/-0.005)
3(+/-0.025)
74(+/-0.125)
23(+/-0.067)

Coherence
Activation Energy
length,Lcoh
for PL
(molecular unit) Quenching, EA (meV)
2
15(+/-1)
3
33(+/-2)
34
28(+/-3)
14
11(+/-1)

~ωc /EA

0.07
0.09
4
2

possible mechanism for destroying exciton coherence is the coupling to molecular
dynamics, the activation energy is most likely a measure of the exciton-phonon coupling. In that case, the relevant parameter is not the activation energy itself but
rather the ratio between the nearest neighbor coupling (i.e. band curvature) and the
exciton-phonon coupling energy.
Table 4.1 summarizes this ratio along with all the other coherent exciton parameters extracted from the temperature dependent PL. There is a remarkable correlation
between the coherence length, the band curvature and the ratio of exciton-phonon
coupling to nearest neighbor interaction strength. Specifically, for the octabutoxy
derivatives the NN interaction and exciton-phonon coupling energies are of the same
order while in the other two cases, the exciton-phonon coupling is about 10 times
stronger than the NN interaction. This is consistent with the significant differences
in coherence length of the four studied thin films. For the octabutoxy derivatives, the
coherence lengths are 5-10 times larger than the other two species. It is important to
note that our findings are in agreement with previous theoretical prediction that coherence length is not determined by the intermolecular NN distance alone, but rather
by an interplay between NN π-orbital overlap and the strength of exciton-phonon
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coupling. Our studies therefore show that among the four molecules investigated, the
molecule with the shortest NN distance (H2 TPP) surprisingly exhibits the shortest
coherence length because of the strong coupling to the lattice vibration that localizes
exciton even at cryogenic temperature.
Furthermore, it seems the reduced size of the macrocycle ring in comparison to
the rest of the molecules under study results in weaker NN coupling in relation to
the exciton-phonon coupling. In contrast, the introduction of the octabutoxy chain
and the increase size in the macrocyle ring in the case of phthalocyanine derivatives
results in an enhancement of intermolecular interaction that promotes the excitonic
coherence and the relative reduction of the exciton-phonon coupling. This effect is
stronger in the phthalocyanine in comparison of H2 OBNc molecule indicating that
perhaps there is an ideal optimum molecular size where the exciton-phonon coupling
is minimized in relation to the intermolecular interaction.
The data summarized in table 4.1 indicate that the nature of alkyl chain also
plays a significant role in determining the coherence length. A direct comparison of
thin films deposited from akyl-chain substituted soluble derivatives of the same parent
molecule, H2 OBPc and H2 OCPc, reveal that the longer size chain promotes a stronger
exciton-phonon coupling in relation to the intermolecular interaction, reducing the
coherence length by a factor of almost 10. In contrast, increasing the π-conjugation
(H2 OBPc vs H2 OBNc) results in a significantly larger NN distance (6.6 Angstrom
vs 4.5 Angstrom) and a reduction of coherence length by a factor of 2.5. It seems
this study reveals that the longer substituted alkyl chain on the same parent macrocyle has a much more destructive effect in coherence length than the increase of NN
distance. Unfortunately, the NN distance in H2 OCPc is unknown due to the signifi-
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cant challenges for growing large 3D single crystal suitable for XRD crystallography.
It is therefore not inconceivable that the presence of longer alkyl chain substituted
in the peripheral position might also increase the NN separation. Even so, it is remarkable that coherence length can be preserved to a significant extent by increasing
the macrocycle ring even for large intermolecular distances. This unexpectedly long
coherence length might be due in part to the fact that the molecules are no longer
planar but in a saddle shape, which means the relative orientation of π-orbital from
neighboring molecule may be significantly different from the case of planar molecules
such as H2 TPP where the macrocycle ring the planar. Our quantum calculation of
molecular orbitals presented earlier indicated that the non-planar shape molecules
result in energy shift and in some cases in a sizable asymmetry of the HOMO-LUMO
orbitals, which could contribute to the observed enhancement of coherence length.
The coherence nature of exciton in small molecules semiconductors has a specific signature in the evolution of radiative recombination rate with temperature.
Previous experiment conducted in an isolated single polymer chain has shown that
one-dimensional coherent exciton recombination in organic semiconductors evolves
similarly to Wannier excitons in quantum wires [39, 128–132]. That means the radiative lifetimes are controlled by scattering of excitons within a one dimensional
√
excitonic band. This scattering results in a T evolution of radiative lifetimes in one
dimension at low temperatures as shown in references 21 and 60 [38, 129]. The same
investigator also noticed the presence of a thermally activated mechanism for exciton decoherence at temperature larger than 100K. For that reason, the temperature
dependence of radiative lifetimes above 100K was never fully explained. It is worth
noting that numerous experiments investigating the behavior of radiative lifetimes
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with temperature in various quatum wire systems, including GaAs, conducted in the
past three decades have shown the critical importance of eliminating static disorder
defects and impurities that result in a non-radiative recombination channel for an
accurate measurement of this temperature dependence [129, 132, 133]. As described
earlier in this paper, our thin films are uniquely suited for this type of study in small
molecule semiconductors, because we were able to eliminate the influence of static
disorder to an unprecedented extent. This means non-radiative recombination channel have been largely eliminated at low temperature and the PL decay time measured
at 4K is a reliable estimate for the radiative recombination time at that temperature.
Within this approximation, the radiative lifetimes at higher temperatures can be extracted from the measured PL decay times using the well-known formula below that
was also described in chapter 2.
IP L (4K)
τrad (T ) = τP L (T )
IP L (T )

!

(4.2)

where τP L is the measured PL decay times at a given temperature T larger than
4K, IP L (4K) is the PL intensity at T = 4K associated with exciton radiative recombination at 4K, and IP L (T) represents the PL intensity at the same temperature
T.
The temperature dependence of the radiative lifetimes for the phthalocyanines thin
√
films under study extracted using this expression are plotted as a function of T in
figure 4.10. With the exception of H2 TPP, all lifetimes exhibits a thermally activated
dependence rather than a linear dependence with the square root of temperature.
The activation temperature seems to be similar in all species and consistent with
the one measured by Lecuiller et.al. [38]in an isolated single polymer chain. A more
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sophisticated full quantum mechanical treatment of exciton-phonons coupling in small
molecule aggregates that considers scaterring by acoustic as well as optical phonon
predicted this onset of nonlinearity, but fail to capture the rapid exponential increase
in radiative lifetimes above 100K [38, 106]. It is beyond the scope of this paper
to refine such sophisticated many-body approaches. Nevertheless, one can adapt a
fairly straight forward two-state model previously employed in quantum wires and
quantum wells for explaining similar exponential increases of radiative lifetimes with

Figure 4.10: Evolution of the coherent exciton radiative lifetimes with temperature for all
four molecular thin films (scatter plot). The best fit lines were generated using equation 4.3.
H2 OBPc, characterized by the longest coherent length and long-range molecular ordering
shows the best agreement between the adapted model and experimental data.
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temperature [38,134]. Briefly, the model assumes that at higher temperature in GaAs
nanostructures, some of the excitons ionize into free electron/hole pairs and the ratio
between the number of free carriers and excitons is given by the well-known Saha
equation [134]. This resulted in an excitonic population determined by the lattice
temperature and exciton binding energy. At any given temperature, we adapted
this two-state model with one significant difference. We propose that in organic
semiconductors, the lower energy state is the dispersionless excitonic coherent state
while the higher energy is an excitonic state undergone phonon-assisted scattering and
becoming increasingly localized at low temperatures. The energy difference between
these two states plays the role of "binding energy" in the quantum wires model [129–
131]. Assuming the two excitonic species are in thermal equilibirum at any given
temperature, a straight forward rate equation that assumes excitons obey MaxwellBoltzmann energy distribution, leads to the following expression for the radiative
lifetimes of one dimensional coherent exciton:
√
1 + α T e−EA /kB T
τR (T ) = 1
+ βe−EA /kB T
τcoh

(4.3)

Full derivation of this expression can be found in appendix IV.

L
~

In this expression, EA is energy difference between the two excitonic states, α =
√
2mkB
and β = τ0−1 2L
2m∆, where L is the crystal volume, ∆ is the maximum kiπ
π~

q

netic energy of exciton that can recombine radiatively, calculated using the measured
coherence length from table 4.1, m is excitonic effective mass, which can be estimated
from the band curvature ~ωc , and τ0 is the 4K radiative recombination lifetimes. As
mentioned earlier, this model also assumes that lower coherence exciton state is dispersionless and therefore immnune to the scattering event at low temperature while
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Table 4.2: Summary of all excitonic parameters extracted using temperature dependent and
time-resolved photoluminescence spectroscopy for H2 TPP, H2 OCPc, H2 OBPc and H2 OBNc.

Samples

α

β
s−1
0
4.5(+/-0.5)
0(+/-0.5)
33(+/-2)

−1/2

H2 TPP
H2 OCPc
H2 OBPc
H2 OBNc

(K
)
0.4(+/-0.07)
37(+/-1)
15(+/-1)
45(+/-1)

EA1
meV
15(+/-1)
33(+/-2)
28(+/-3)
11(+/-1)

the upper thermally activated excitonic state is subjected to scattering by acoustic
and optical phonons. We find that the best fit for the temperature dependence of
radiative lifetimes shown in figure 4.10 is obtained when the thermal activation energy is equal to the PL quenching activation energy derived from the arhenius plot.
The fitting parameters α and β are listed in table 4.2. It is interesting to note that β
is neglectible in H2 OBPc indicating that the coherence length at low temperature is
essentially not affected by dynamic disorder. This is in agreement with our previous
conclusion that excitons do not couple to low vibration mode in H2 OBPc. As the
temperature rises, the excitons will couple to optical phonons hence the activated behavior observed in the temperature dependence of the radiative lifetimes for H2 OBPc,
H2 OBNc, and H2 OCPc. In contrast, the large values of β extracted in H2 OBNc and
H2 OCPc indicate a stronger coupling to disorder and are consistent with smaller
coherence length estimated in these systems.
In the case of H2 TPP, the radiative lifetimes is virtually independent of temperature confirming that the exciton is fully localized in this system even at low
temperature of 4K. The very small of α indicate that the localized exciton does not
couple to low energy phonon mode as expected a very localized Frenkel exciton. For
all the other molecules, α increase with exciton effective mass (i.e. α is smallest in
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H2 OBPc which has the smallest exciton effective mass)

4.4

Conclusion

In conclusion, exciton coherence was investigated in crystalline thin films of four
distinct porphyrin and phthalocyanine derivatives with superior crystalline ordering,
suitable for investigating long range interactions and many body effects in organic
semiconductors. The optical experiments show that varying the π-conjugation and
akyl side chains significantly alters the coherent exciton state in this system. Specifically, we discovered that among the molecules investigated in this family, the largest
coherence length belongs to the octabutoxy derivatives, where the nonplanar molecular shape induced by four substituted butoxy side chains minimizes the coupling
to the acoustic phonons. Enhancing the size of the macrocycle ring also leads to
long coherence length in spite of larger intermolecular NN distances. In fact, the
presence of coherent excitons was not observed in the system characterized by the
shortest NN distance, H2 TPP. In addition to exciton coherence length, our analysis of
the temperature dependent PL originating from the coherent exciton recombination
and the corresponding radiative recombination lifetimes, provided a quantitative estimate for the exciton-phonon coupling strength in this system. Most interestingly, the
largest coherence length is measured in H2 OBPc where excitons only couple to optical
phonon modes whereas in H2 OBNc the excitons also couple to acoustic phonon mode
that shorten the coherence length at low temperatures. This study has shown that
an optimal and robust coherence excitonic state is a result of a complex interplay between the NN π-orbital overlap, the vibrational or phonon energies and the coupling
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to different vibrational/phonon modes.
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Chapter 5
Exciton Coherence in Organic Alloys
The ability to systematically tune the coherence lengths in organic systems represents
a somewhat control toward the electronic properties of these materials, of which can
tailor for different desired applications or enhance the devices’ performance. This
chapter focuses on the organic analogue of semiconductor alloys, that are made from
the two pure phthalocyanine derivatives species (H2 OBPc and H2 OBNc), whose large
coherence lengths are observed. Specifically, excitonic properties of organic analogues
of semiconductor alloys, H2 OBNcx H2 OBPc1−x (0 < x < 1) will be discussed. Moreoever, the effect of static disorders (i.e. alloy concentration) and dynamic disorder
(i.e. exciton-phonon coupling) on the spatial extents of exciton coherence of these organic alloys investigated using temperature dependent photoluminescence (PL) spectroscopy are also revealed. The results of PL studies and the quantification of various
parameters from these alloys as a function of concentration will be discussed in details.
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5.1

Inorganic semiconductor alloys

Inorganic semiconductor alloys such as AlGaN, InGaN, Ga(In)NAs or AlGaAs have
triggered tremendous advances in many applications such as laser diodes and bluegreen light-emitting diodes. [135–138] The most vital role of these alloys is to give
flexible control toward the design and engineering of devices and improve their performance. [139, 140] Through alloying, the excitonic properties such as band gap or
lattice constant can be tuned as a function of alloy concentrations to serve specific applications. [141–143] Virtually all optoelectronics devices depend on the fabrication
of binary, ternary or even quinary alloys where excitonic properties are adjustable
within the range of compositions. Each composition allows different tunability of
properties. For example, ternary alloys usually offer bandgap engineering within the
range of binary compounds in the alloys while quaternary or higher compositions
can achieve both bandgap and lattice constant adjustment, which gives advantages
toward optoelectronics devices. [144–146]
Semiconductor materials that can be used for alloying include the traditional IIIV and II-VI semiconductors, inorganic and hybrid perovskites, and even the new
emerging 2D materials. For examples, the development of III-V semiconductor alloys
(InGaN and AlGaN) toward bandgap engineering resulted in the successful creation
of blue LED, which was awarded the 2014 Nobel Prize in physics. [136–138] Another
example of this tunability can be found in dichalcogenide alloys, CdSx Se1−x showing
the direct dependent of bandgaps in alloy composition and the tuning of emission
peak from 1.8 eV to 2.3 eV. [147] In addition, Wang et. al. also showed the efficient
bandgap engineering in SnSe2(1−x) S2x with continuous range of tuning from 1.37 eV
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Figure 5.1: a) Microscope image of H2 OBNc0.5 H2 OBPc0.5 crystalline thin films. The film
shows high crystalline quality of the alloy even at high mixing ratio of 50%, which provides
unique opportunity for study exciton coherence in these organic alloys. b) Absorption spectra
of H2 OBPc (black solid line), H2 OBNc (blue dash line) and H2 OBNc0.5 H2 OBPc0.5 alloy (red
solid line). Absorption spectrum of the alloy here exhibits both characteristics of H2 OBPc
and H2 OBNc as well as additional features that do not belong to either of the two pure
species.

to 2.27 eV as well as the excellent optoelectronic properties with the tunable carrier
mobility from 2.34 cm2 /Vs to 71.30 cm2 /Vs by alloying S composition. [148] These
examples have shown the capability of semiconductor alloys in engineering different
electronic properties and the tunability of alloys beyond the traditional semiconducting materials. Thus, it is possible to believe that the advantage of tunability in alloys
can go beyond inorganic systems, and maybe apply to organic systems.
The tunability in semiconductor alloys is often obtained at the expense of structural defects and disorders at high mixing ratios such as alloy fluctuations, lattice
mismatch and dislocations. [149–151] These defects result in exciton localization, re-
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duce radiative recombination rates and exciton diffusion lengths, which decreases their
devices efficiency. Therefore, recently many studies have been trying to understand,
identify as well as improve the limitation of semiconductor alloys for application purposes. For example, Lai et. al showed the exciton localization in the indirect gap
GaAs1−x Px as a result of alloy fluctuation and these localized excitons gave rise to
an additional emission peak in these alloys. [152] Also, in recent picosecond timeresolved photoluminescence (PL) studies of Alx Ga1−x N alloys, Kim et. al. presented
an increase in PL decay lifetimes at low temperature and a decrease in PL intensity as Al concentration increases in the alloys due to the effect of alloy fluctuation
leading to the localization of excitons. [153] Nepal and co-workers also tried to understand the localization of exciton AlGaN alloys as well as attempted to quantify the
exciton localization energy through temperature dependent photoluminescence measurements. [154] In addition, using electronic structure calculation Kent and Zunger
showed the coexistence of both localized and delocalized states in GaP1−x Nx and
GaAs1−x Nx alloys. [155]

5.2

Introduction

One of the most fundamental and practical concern of excitonic behaviors that directly affects transport processes in organic semiconductors is the coherent nature of
excitons. [118, 119] Several theoretical and experimental studies have shown an unprecedented role of coherence in exciton transport processes such as faster exciton dissociation, which in turn can improve the performance of electronic devices. [156, 157]
Specifically, an enhancement of exciton coherence length can result in faster energy
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transport and more efficient charge separation than the incoherent counterpart. [23]
Therefore, the ability to tailor the design and performance of organic electronics
based on maximizing exciton coherence effects represents the possibility of ultrafast
electronic applications in communication and information technology.
The successful creation of semiconductor alloys, where bandgap tunability by isoelectronic cation substitution enabled tremendous advances in the development of
electronic materials. Virtually, every optical semiconductor device relies on the controlled fabrication of alloys. One of the key benefits of alloys is the possibility of tuning
the excitonic properties as a function of alloy concentration. However, the crystalline
quality will decrease as the relative ratio between two cations approaches unity and
excitons become localized in potential fluctuations resulting often in a decrease of
radiative recombination. Previously, hollow capillary solution-processed deposition
was shown to produce crystalline thin films with macroscopic long-range order, which
minimizes the effect of disorder in materials. [46, 63–65] In fact, Manning et.al. has
shown the ability to obtain macroscopic grain size and high crystallinity thin films
of organic alloys of metal and metal free phthalocyanines, MOBPcx H2 OBPc1−x , even
at high concentration using the solution-processed technique mentioned above. [60]
These thin films represent a transformative way of looking at organic mixtures or
blends. Unlike the donor-acceptor blends used in photovoltaics, where phase separation is encouraged in order to create a bulk heterojunction, this type of approach in
making organic alloys will be to promote as uniform of a mixture as possible in order
to create a random alloy.
Moreover, the combination of absorption, linear dichroism, and PL experiments
has proved useful in identifying the existence of a delocalized exciton in pure H2 OBPc,
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Figure 5.2: a) Photoluminescence spectra of H2 OBPc (black solid line), H2 OBNc (blue dash
line) and 50% mixtures alloy (red solid line) at 4K. The PL spectrum of the alloy is blueshifted compared to the two pure species, suggesting the effect of localization of excitons in
the system.

whose presence is entirely due to the π-stacking and Coulomb interaction enhanced
by long-range order in the crystalline structure. [46, 61] As previously stated, the delocalized excitonic state of H2 OBPc dominates the PL spectrum at low temperatures
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and bears a close resemblance to the coherence exciton state observed and predicted
in similar molecular systems such as single polymer chain 3BCMU. [100] In the recent
published paper, our group showed the existence of delocalized excitons in organic
alloys between metal-free phthalocyanine and transition-metal center phthalocyanine
(MOBPcx H2 OBPc1−x , 0 < x < 0.5, M = Co, Ni, Cu or Mn). The observation of
coherent excitons in crystalline thin films of H2 OBPc and H2 OBNc and their close
bandgap energies combined with the results found by my colleagues on the exciton
dynamics in the organic alloys of MOBPcx H2 OBPc1−x gives rise to this project. Also,
due to the addition the butoxyl group on the non-peripheryl positions of both derivatives of phthalocyanine and naphthalocyanine, these molecular species exhibit high
solubility in organic solvent (toluene) and high miscibility in solution. Moreover,
the solution-processed technique mentioned above can fabricate highly ordered alloys
even at high mixing concentration. Thus, in this work, we aim to explore the coherence dynamics of excitons and exciton delocalization of H2 OBNcx H2 OBPc1−x alloys
at various concentrations. The coherence length of all alloys will be measured using
the same method, which is the ratio between intensity of the zero and one phonon
line from PL spectra. The correlation between temperature, concentration, coherence length, as well as the mechanism of delocalized excitons in these alloys will be
thoroughly investigated. Results will be compared with MOBPcx H2 OBPc1−x data,
where the delocalization is limited by the presence of metal phthalocyanine domains
in the crystalline thin films.
In this study, the effect of disorder on excitonic coherence within organic analogues
of semiconductor alloys made from two pure species of phthalocyanine derivatives, i.e.
octabutoxy phthalocyanine (H2 OBPc) and octabutoxy naphthalocyanine (H2 OBNc),
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Figure 5.3: Photoluminescence spectra of H2 OBNc0.5 H2 OBPc0.5 at various temperatures
from 4K to 294K. On the left side is the PL spectra from 4K to 60K reveals the decrease in
PL intensity as temperatures increase. The right figure shows the PL spectra from 70K up
to room temperature. In this temperature range, not only does the PL intensities change but
the energy of these PL features are also shifted due to the thermal activation on excitons at
high temperatures.

were investigated using temperature dependence steady state and time-resolved photoluminescence spectroscopies. H2 OBPc and H2 OBNc are of interest because these
two pure phthalocyanine derivatives possess the same aliphatic side chain resulting
in similar solubilities and high miscibility in solution. In addition, recently submitted
paper by Furis group demonstrated the existence of robust exciton coherence both
H2 OBPc and H2 OBNc with the longest coherence length of 35 molecular units (i.e.
approx. 150 Angstrom) found in H2 OBPc thin film. The coherence behavior within
organic alloys of H2 OBNcx H2 OBPc1−x was monitored upon systematically introducing static disorder. In other word, the coherence length and the π-π nearest neighbor
(NN) coupling of these organic alloys at various concentrations (0 < x < 1) were
extracted using the ratio between intensity of the zero and one phonon line from
temperature dependence PL spectra. As a result, the coherence lengths of the inves-
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tigated alloys fall in between the coherence lengths of H2 OBPc and H2 OBNc and the
continuous tunability of these coherence lengths of these alloys are observed. Furthermore, temperature dependence time-resolved PL reveals the stronger coupling
of exciton to acoustic phonon at low temperature and localization of excitons due
to stronger coupling to lattive vibration at high temperature. Finally, it is worth
mentioning that the exciton coherence length and the exciton-phonon coupling can
be tuned and monitored in a controlled manner by systematically introducing static
disorder into the systems.

5.3

Organic Alloys H2OBNcxH2OBPc1−x
fabrication

H2 OBNc and all organic solvents used in this study were purchased from Sigma
Aldrich. H2 OBPc with formula of C64 H82 N8 O8 was synthesized by Dr. Naveen Rawat
following the procedure developed by Cook et.al. [158] and all materials were purified
using column chromatography as described in detail in chapter 3.
As previously mentioned, hollow capillary solution-processing technique has the
capability of producing long-range order, macroscopic grain size and high crystalline
quality thin films. [46,60,62,63] Moreover. Manning et.al. has demonstrated successful fabrication with high crystallinity of organic analogues of semiconductor alloys,
MOBPcx H2 OBPc1−x . [60] Thus, organic alloys studied in this thesis were fabricated
following methods desceibed by Manning et.al.
Materials preparation: After purchasing from Sigma ALdrich, H2 OBNc was purified using column chromatography as described in detailed in chapter 3. H2 OBPc was
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Figure 5.4: Coherence numbers of H2 OBPc (green star), H2 OBNc (blue triangle) and the
H2 OBNc0.5 H2 OBPc0.5 alloy (red circle) extracted from PL intensity ratio between 0-0 transition and its first vibrational replica. This plot show the coherence length of this alloy falls
in the range of coherence lengths of two pure chromophores, suggesting the possibility of
tuning coherence length via alloying

synthesized by Dr. Naveen Rawat following procedure established by Cook et.al. [158]
The purification and recrystallization steps were performed after obtaining the crude
product from the reflux reaction to ensure the purity of the final product.
H2 OBNcx H2 OBPc1−x solution mixture preparation: Solutions of H2 OBPc and
H2 OBNc with concentration of 0.5% w/v were prepared separately by dissolving
purified H2 OBPc and H2 OBNc in toluene. The solutions of two pure species were
then sonicated to ensure they are completely dissovled in toluene solvent. After few
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minutes, alloy solutions of H2 OBNcx H2 OBPc1−x was prepared by mixing two purified
solutions of 0.5% w/v in concentration of H2 OBPc and H2 OBNc in different ratios
(0 < x <1). Finally, the solution contaning mixtures was sonicated for another few
minutes to achieve the uniform and clear solutions before thin film fabrication process
takes place.
Thin films of these alloys were fabricated using the same hollow capillary penwriting technique as in the case of four pure phthalocyanine derivatives studied in
chapter 4. Specifically, a prepared solution of mixtures is held in a rectangular capillary by capillary forces. A c-plane sapphire substrate is mounted on a translational
stage that can be controlled by computer. This capillary containing solution is lowered manually so the solution can make contact with the surface of the substrate.
Thin films are achieved by translating stage laterally in one direction at a controlled
rate by computer.

5.4

H2OBNc0.5H2OBPc0.5

Figure 5.1a reveals the polarized microscope image of H2 OBNc0.5 H2 OBPc0.5 indicating the macroscopic long-range order even at high mixing ratios of 50%. The absorption spectrum of this 50% alloy shows both characteristics of H2 OBPc and H2 OBNc
and also exhibit a red-shift in absorption edge (Figure 5.1b). Moreover, this absorption spectrum of H2 OBNc0.5 H2 OBPc0.5 alloy also shows addition features that do not
belong to either characteristics of two pure species, indicating the unique optoelectronic properties of this alloy. Low temperature PL spectrum of H2 OBNc0.5 H2 OBPc0.5
appears to be at higher energy than PL spectra of both pure H2 OBPc and H2 OBNc,
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Figure 5.5: Arrhenius plot for PL quenching of two pure species H2 OBPc (green stars) and
H2 OBNc (blue triangles) and H2 OBNc0.5 H2 OBPc0.5

indicating the effect of static disorder on the localization of excitons in the alloy
(Figure 5.2).
This localization can be observed in the temperature dependent PL study of
H2 OBNc0.5 H2 OBPc0.5 alloy (Figure 5.3) where the PL features gradually blue-shift
after around 100K, indicating the effect of dynamic disorders or exciton-phonon coupling starts to take place. Moreover, the intensity of PL spectra decrease with increasing temperature due to the thermally activated excitons in the system. The red-shift
of PL spectra energy at low temperatures, which is a signature of the presence of a
coherent state in this alloy despite the high mixing ratio. As shown before, the coher104

ence number can be estimated using the model proposed by Spano, where the ratio
of I0−0 /I0−1 is proportional the coherent length in the system. Figure 5.4 summarized
the analyses of coherence length as a function of inverse square root of temperature for three crystalline thin films, H2 OBPc (green star), H2 OBNc (blue triangle)
and their alloys at 1:1 mixing ratio (red circle). As mentioned before, the coherence
length in H2 OBPc is longer than that of H2 OBNc. Organic alloys of two species at
x =0.5 concentration shows the coherent length of about 24 molecules, which falls in
between the range of coherence lengths of H2 OBPc (35 molecular units) and H2 OBNc
(15 molecular units), suggesting the possibility of tuning the coherence length as a
function of alloy concentration.
Further analyses of this alloy were done in order to elucidate the mechanism
of decoherence and quantitatively estimate the coupling strength of exciton to the
environment. In particular, the band curvature energies extracted from the coherence
length analysis give an approximate of nearest neighbor coupling strength in the
molecular crystals. This NN coupling is found to be 65 meV. Also, PL quenching in
H2 OBNc0.5 H2 OBPc0.5 alloy give a quantitative estimate of exciton-phonon coupling
strength, which is approximately 17 meV (Figure 5.5). Both of these parameters are
within the range of those found in the two pure H2 OBPc and H2 OBNc. As mentioned
in the last chapter, the ratio between the nearest neighbor coupling and this activation
energy of PL quenching is a measure to obtain optimal coherence length.
In addition, the time-resolved PL of H2 OBNc0.5 H2 OBPc0.5 alloy as a function of
temperature revealed the strong coupling of exciton to acoustic phonon compared to
the two pure cases. In summary, these results show great potential in tuning the
coherence of excitons by alloying the two species with the same aliphatic chain as
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Figure 5.6: Microscope images of H2 OBNcx H2 OBPc1−x with x =0 (a), 0.01 (b), 0.25 (c),
0.5 (d), 0.99 (e), 1 (f)

substituents at the non-peripheral positions and systematically controlling effects of
both static and dynamic disorder on coherent exciton.

5.5

Results and Discussion

With the results from H2 OBNc0.5 H2 OBPc0.5 alloy, it is believed that excitonic properties can be tuned as a function composition similar to the inorganic cases. Therefore,
crystalline thin films of organic alloys of H2 OBNcx H2 OBPc−1 − x with various alloy concentrations, x, were successfully fabricated using solution-processed deposition
mentioned. Polarized microscope images of H2 OBNcx H2 OBPc−1 − x alloys, where
x = 0, 0.01, 0.25, 0.5, 0.99 and 1, are shown in Figure 5.6. These images reveal the
macroscopic grain sizes existing in all organic alloy thin films even at high mixing ratio
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of 50% of each species. According to the optical selection rules, light polarized along
the stacking axis is not observed, hence the contrast in these films originates from
different orientation of two crystalline axes of the neighboring grains. These organic
alloy thin films with long-range order and in the absence of disorders not only open
a wealth of avenue for optical spectroscopy studies but also provide an advantage
toward exploiting the electronic properties such as excitonic coherence, which often
are destroyed by defects and disorders.
The absorption spectra of these alloys as a function of concentration show continuous red-shift in absorption edge up to 50% mixing ratio and the spectra with
higher concentration than this threshold start blue-shift gradually (Figure 5.7). This
reveals the continous tuning in absorption edge of these alloys. In fact, as shown in
Figure 5.8 below, the absorption edge energies or bandgap energies of these alloys as a
function of concentration are tunble within the range of alloy concentrations. In fact,
this tunability in bandgap energies does not follow strictly Vegard’s law for the entire
range of alloy concentration nor have the parabolic characteristics as demonstrated
in most inorganic systems by Zunger and coworkers. [159, 160] Instead, we find that
there exists two regimes of this tunability in our case. The first regime is the alloys
with small mixing ratio (x < 0.1 or x > 0.83). These alloys are more resemblant
to a doped system, where the bandgap energies are not much affected. The second
regime is at high mixing concentration (0.1 < x < 0.83), where bandgap energies are
continuously tuned and approach the linear trend (Figure 5.7).
Previous study by Manning et.al. not only showed the ability to obtain high
quality crystalline thin films of organic alloys at high mixing ratio but also revealed
the blue-shifted in energy of delocalized exciton as a function of MOBPc concentra-
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Figure 5.7: Absorption spectra at room temperature of H2 OBNcx H2 OBPc1−x at various
concentration of x
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Figure 5.8: Absorption edge energies as a function of alloy concentration. At concentration
of 0.1 < x < 0.83 the bandgap approaches linear relationship with alloy concentration.

tion x >0.1. [60] This indicates the exciton delocalization extends over approximately
ten molecular units and the increase in concentration of MOBPc in the alloys inhibits the formation of this delocalization. While the metal phthalocyanines are
good candidates, the photoluminescence quenching in solid phase of these materials
limit the alloy concentration to only 50%. In addition, the observation of coherent
excitons in crystalline thin films of H2 OBPc and H2 OBNc evolves from the strong
long-range intermolecular interaction and short range π-orbital overlap. Figure 5.9a
and b present the room temperature and T = 4K photoluminescence spectra of
H2 OBNcx H2 OBPc1 − x with a few representative concentrations that spans the en-
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tire range of mixing ratio, 0 < x < 1. As observed in these figures, the PL features of
the alloys gradually blue-shifted as concentration of H2 OBNc increases and the most
blue-shift of PL feature occurs at 50% mixing concentration, which suggests that the
disorder limits the delocalization in these organic alloys and shifts the excitonic level
to higher energy. Time-resolved PL measurements at both room temperature and
4K reveal longer PL decay times in the alloys with concentration of x higher than
0.5 compared to the decay times of alloys with concentration x < 0.5 while the 1 to
1 mixing ratio has a PL decay time that falls in the between (Figure 5.9c and d).
This shows the possibility of tuning the excitonic recombination rate as a function
of alloy concentration. In fact, the summary plots of bandgap energies, excitonic
energies at 4K as well as the PL decay times at both 293K and 4K as a function
of alloy concentration in Figure 5.9e and f confirm the successful tunability of these
energies. It is interesting to note that this dependence of excitonic and bandgap
energies on alloy concentration approaches the linear trend when the alloys concentration are in the range of 0.1 < x < 0.83. This observation is similar to the trend
CoOBPcx H2 OBPc1−x shown in the proceeding paper by Hua et.al., [161] where the
linear relationship of excitonic and bandgap energies were found in the range of 0.02
< x < 0.5. Furthermore, GIXRD study of CoOBPcx H2 OBPx1−x by Manning et.
al. [60] showed the coexistence of two crystalline phases (H2 OBPc rich and CoOBPc
rich) in the same range of concentration. Thus, this demonstrates that the tunability
of excitonic states in H2 OBNcx H2 OBPc1−x as a function of alloy concentration can
only be achieved if the average size of alloy fluctuations is within the exciton delocalization length. Another interesting point is at high concentration of H2 OBNc, the
increase in excitonic energies might due to the exciton-phonon coupling. However,
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when the mixing ratios between two pure species is are (x < 0.1 and x >0.83), these
organic alloys are analogous to a doped system where the delocalization/coherence
length is shorter than the distance between two dopants.

Figure 5.9: a) Room temperature PL spectra of H2 OBNcx H2 OBPc1−x at various concentration x of H2 OBNc (x = 0, 0.0099, 0.091, 0.5, 0.91, 0.99 and 1). b) T = 4K PL spectra
of H2 OBNcx H2 OBPc1−x at the same concentrations. As concentration x approaches 0.5,
the bandgap and excitonic energies blue-shifted and these energies red-shifted when the concentration is greater than 0.5. c) PL decay times of the same organic alloys at both room
temperature and 4K show the significantly long PL decay times of alloy with concentration
x > 0.5 compared to those with x < 0.5 while at x = 0.5 the PL decay times falls in the
between. e) and f) are the bandgap and excitonic energies as well as PL decays times as
a function of concentration at both temperatures. It points out the successful capability of
tuning bandgap, excitonic energies and PL decay times as a function of alloy concentration.

In recent study, we demonstrated the successful extraction of coherence length in
H2 OBPc and H2 OBNc from the ratio of PL intensity associated with the coherence
exciton recombination and its first phonon replica (I0−0 /I0−1 ' Lcoh +1, assuming a
Huang-Rhys factor approaching unity). In addition, the same study also shows the
existence of robust coherence exciton in H2 OBPc with the coherence length to be
35 molecular units while H2 OBNc was shown to have approximately 15 molecular
units in coherence length. These results are very promising and it is predictable
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that excitonic coherence also exists in all organic alloys of H2 OBNcx H2 OBPc1−x .
In fact, using the same method for extracting coherence length from temperature
dependence PL, Figure 5.10a shows the PL intensity ratio (or Ncoh) as a function
of inverse square root of temperature of both pure H2 OBPc and H2 OBNc as well
as the alloy at 50% concentration, H2 OBNc0.5 H2 OBPc0.5 . As seen in the figure, the
coherence length of H2 OBNc0.5 H2 OBPc0.5 falls in the between of the two pure species,
indicating the tunability of exciton coherence lengths in H2 OBNcx H2 OBPc1−x alloys.
As a matter of fact, Figure 5.10b presents the extracted coherence lengths of all
investigated concentrations of organic alloys H2 OBNcx H2 OBPc1−x as a function of
alloy concentration x. It is evident that the coherence lengths of all alloys are smaller
than that of H2 OBPc but fall within the range of H2 OBPc and H2 OBNc. This
is predicted as increasing concentration of H2 OBNc introduces the static disorder
into the systems, which in turn localized the coherence excitons and breaks down
the robustness of coherent exciton in H2 OBPc. In other word, by systematically
introducing static disorders (i.e. increasing alloy concentration), it is shown that the
coherence length can be monitored and tuned in a controlled way. Furthermore, as
mentioned in previous study, the slope of the dependence of PL intensity ratio on the
inverse square root of temperature correlates to the measure of band curvature,~ωc ,
at k = 0. It is clear that the slope of H2 OBNc0.5 H2 OBPc0.5 is smaller than slope of
H2 OBPc and larger than that of H2 OBNc. Evidently, the band curvature of H2 OBPc,
H2 OBNc0.5 H2 OBPc0.5 , H2 OBNc extracted from the slopes of the coherence plots are
74 meV, 66 meV and 23 meV, respectively, which suggests that not only coherence
lengths but also the band curvature,~ωc which relates to the exciton-phonon coupling
can be tuned through alloying two pure organic species with existence of coherence
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excitons. Figure 5.10c presents this tunability of band curvature energies as a function
of alloy concentrations.

Figure 5.10: a) The spatial extents of exciton coherence of H2 OBPc (black star),
H2 OBNc0.5 H2 OBPc0.5 (red half triangle) and H2 OBNc (blue half circle) as a function of
inverse square root of temperature. b) Coherence length of all organic alloys as a function of
concentration reveals the continuous tuning of exciton coherence length. c) Ratio of nearest neighbor coupling energies to exciton-phonon coupling strength as a function of alloy
concentration reveals that the strength between two couplings is comparable in all alloys.
The inset figure shows only the nearest neighbor coupling strength as a function of alloy
concentration. d) PL quenching activation energies extracted from Arrhenius plot for all
investigated concentrations of organic alloys show the continuous tuning of this energies. e)
Parameters α and β extracted from the fitting of radiative lifetimes using two-state model
mentioned earlier. f) Radiative lifetimes as a function of square root of T for H2 OBPc
(green star), H2 OBNc0.5 H2 OBPc0.5 (red half circle) and H2 OBNc (blue half diamond). The
solid line is the fitting using two-state model.

In addition, in the study of exciton coherence in four difference derivatives of
phthalocyanine indicated the existence of temperature activated decoherence mechanism and the quantitative of this decoherence can be obtained from the Arrhenius
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plot of PL quenching. This study also found that the activation energies extracted
from PL quenching plots represents the quantification of exciton-phonon coupling.
There is a continuous tuning of this activation energies as a function of alloys concentration as observed in Figure 5.10d, suggesting the ability to control exciton-phonon
coupling in the systems. Furthermore, the ratio between nearest neighbor coupling
(i.e. band curvature,~ωc ) and the exciton-phonon coupling (i.e activation energy, EA )
is the actual relevant parameter to the coherent behavior of the systems. These ratios
are in the same order of magnitude for all observed concentrations of alloys, which is
consistence with the estimated coherence lengths of these materials.
Finally, temperature dependence time-resolved photoluminescence was also performed for all investigated alloys. The radiative recombination lifetimes of these alloys
were also extracted using the same method shown in previous study. The evolution
of this radiative recombination in the H2 OBPc and H2 OBNc pure as a function of
temperature was shown to have square of temperature dependence characteristic at
low temperature. As mentioned in the previous paper, at low temperature the independence of radiative lifetimes in H2 OBPc showed that the population of excitons
in H2 OBPc dominates the dispersionless coherent state suggesting the inequilibrium
of excitonic population with a phonon bath. On the other hand, in the case of
H2 OBNc, the excitonic population is a mixture between dispersionless and acoustic
phonon coupled excitonic states. As temperatures increase, the thermal activated behavior of radiative lifetimes as a function temperature is observed due to the coupling
of excitons to optical phonon at high temperatures. Figure 5.10f shows this temperature activation of radiative lifetimes in both pure cases as well as the alloy at 50%
concentration. However, in the case of the alloy, stronger coupling to acoustic phonon
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at low temperature and localization of exciton at high alloy concentration reduce the
thermal-activated behavior significantly compared to the two pure cases. Using the
same two-state model developed in previous paper, theoretical fittings for radiative
lifetimes as a function of temperature in all alloy cases were performed. The same
behavior as H2 OBNc0.5 H2 OBPc0.5 is observed in all alloy cases and the parameters
extracted from the exponential rising of radiative lifetimes points out the stronger
coupling to acoustic phonon as well as localization of the coherence excitons as static
disorder is introduced into the systems.

5.6

Conclusions

In conclusion, the coherence behavior of exciton as a function of alloy concentration
was explored in organic alloys made of two pure species H2 OBPc and H2 OBNc, of
which the existence of robust coherent excitons was observed. This study has demonstrated the success of continuous tuning of coherence lengths in organic molecular
crystals by varying the composition ratios in H2 OBNcx H2 OBPc1−x . Specifically, the
largest coherence length is observed in pure H2 OBPc but upon adding small concentration of H2 OBNc, the coherence length immediately decreases. This is due to the
localization of excitons upon addition of static disorder. This coherence lengths of all
alloys were shown to falls in between the range of those in two pure species indicating
the capability of tuning exciton coherence lengths in organic alloys. Furthermore,
the nearest neighbor couplings extracted from the coherence plot as a function of
inverse square root of temperature reveals the dependence of this coupling on the alloy concentration. Finally, the analysis of time-resolved photoluminescence resulting
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in radiative lifetimes estimation give rise to a quantitative measurement of excitonphonon couplings in the alloys. It is confirmed that the strong coupling of excitons
in these systems to acoustic phonon exists, which causes the decrease in coherence
lengths.
These experiments reveal the continuous tuning of exciton coherence lengths and
PL quenching activation energies as a function of alloy concentrations. Furthermore,
the thermal activation of exciton-phonon coupling in radiative lifetimes extracted
from temperature dependence time-resolved PL shows the independent behavior with
alloy concentrations, which indicates the complex interplay between NN distance and
exciton-phonon coupling strengths in these alloys.
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Chapter 6
Conclusion and Future Works
The study presented in this thesis has demonstrated a new insight and a possibilty to
control electronic structures of organic semiconductors, specifically coherence effect.
It gives an understanding into new physics of exciton coherence, presents a novel
method to control the coherent state of exciton and proposes an optimal condition
for achieving maximum exciton coherence length in 1D organic molecular crystals for
high efficiciency and quality performance of electronic devices. This chapter gives
a few concluding remarks about the comparative study of exciton coherence in phthalocyanine soluble derivatives as well as an attempt to fabricate organic analogues
of semiconductor alloys for bandgap engineering and exciton coherence length tunability. It also recommends the future directions of this thesis for deeper understanding
of coherent dynamics of exciton in 1D organic crystals.
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6.1

Current Progress

The main experimental results and concepts extracted from the data analysis of the
two main focuses of this study gives new insights into the correlation of the coherent
exciton of phthalocyanine based 1D organic crystalline thin films with the nearest
neighbor coupling and the coupling with phonon and lattice vibration as well as the
ability to tune this excitonic property through forming organic semiconductor alloys.
First and for most, this thesis work presented a first ever atttempt to experimentally
probe the exciton coherence state from a full range (from 4K to 300K) of temperaturedependence photoluminescence study both temporally and spectrally. It’s also the
first experimental attempt in controlling the tunability of exciton coherence in a
systematic way by creating organic analogues of semiconductor alloys, which opens
a completely innovative and unique path for exploring, understanding and effectively
tuning the excitonic properties within organic crystals.
The observation of coherent exciton and the identification of different factors that
limits the coherence lengths in various phthalocyanine based organic molecular crystals are the main goals of this thesis work. Due to the sensitivity of exciton coherence
to the static disorders such as defects in the crystals, it is important to have wellordered and crystalline thin films to observe coherent exciton for this study. Thus, the
observation and the study of limitation in exciton coherence length are not possible
without the solution-processed deposition, which produces highly-ordered crystalline
thin films where diorders are essentially eliminated from the systems. This solutionprocessing technique not only gives a possibility to observe the exciton coherent states
in organic systems but also allow this excitonic state to be probe using optical spectro-

118

scopies where diffraction limited cannot play a significant role because of the presence
of macroscopic grain sizes of crystalline thin films.
The introduction of alkyl side chains onto the macrocycle ring of phthalocyanine
does not only change physical and chemical properties of these molecules but also dramatically change their molecular packing in solid. The modification of these macrocycle rings with alkyl chains increase the intermolecular interaction due to improved
π-π stacking in molecular solid, however, the presence of the side chain creates an
additional vibrational mode within the lattice, which might localize the excitons and
completely change the dynamic disorders in the system. With this in mind, the first
study presented in this thesis has shown the effect of alkyl side chains on phthalocyanine rings and the effect of increasing π-conjugated backbones on exciton coherence.
Specifically, it has been demonstated that the enhancement of π-conjugation and the
shift from planar shape due to the presence of alkyl chains give rise to the maximum
coherence length in octabutoxy phthalocyanine despite the large intermolecular distances between nearest neighbors. In fact, H2 TPP with the shortest intermolecular
distance does not exhibit any exciton coherent states but show the localization of
exciton even at low temperatures. This behavior is observed from the overlapping of
PL spectra in solution, thin film at room temperature and 4K as well as the estimated
coherence length of only couple molecular units. In addition, the quantification of the
exciton-phonon coupling strength was estimated through the analysis of temperature
dependent PL of the coherent excitons and the corresponding radiative lifetimes of
the four investigated thin films. Furthermore, as mentioned above, the extended long
alkyl chains of electron-donating group may play a counteracting factor which localizes the exciton and limits the coherence length to only a couple of molecular units.
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The presence of octyloxy side chains at peripheral positions of macrocycle backbones
results in a strong coupling of exciton with lattice vibration, localizing the exciton
coherent state and limit the coherence length to 4 molecular units. Despite having
the largest π-conjugated backbones, the coherence length of octabutoxy naphthalocyanine is lower than that of the octabutoxy phthalocyanine derivative. This might
due to the presence of largest π-conjugation creating the slip stacking in molecular
crystals and the intermolecular distance of 6.6Å, which prevent the maximum overlapping between nearest neighbor, which in turn limits the coherence length to 15
molecular units. Finally, the most important outcome of this study is the observation of maximum coherence length in octabutoxy phthalocyanine of 35 molecular
unit (15nm), the largest coherence length ever obtained experimentally in 1D organic
systems. This indicates the optimal and robust coherence excitonic state of organic
crystals is not only dominated by the intermolecular interaction and π orbital overlap
between nearest neighbor but also the coupling to different vibrational mode and the
phonon energies. This study opens an opportunity for molecular organic crystals to
achieve efficient charge transports for high performance electronic devices.
Bandgap engineering in semiconductor alloys plays a significant role in shaping the
performance of electronic devices. This method for tuning optoelectronic properties
in semiconductors always comes with various defects such as lattice mismatch, grain
boundary, dislocation and potential fluctuation. As mentioned above, the solutionprocessing technique provides an unprecedented advantage toward obtaining macroscopic grain size and long-range order thin films. Moreover, the quality of thin films
doesn’t depend on the nature of materials but depends on material’s solubility in
organic sovents, the writing speed and the evaporation rate of the solvent. This gives
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rise to the possibility of fabricating organic analogues of semiconductor alloys using
solution-processing method, where the grain boundary and random disorders in thin
films are eliminated.
The second focus of this thesis lies in the ability of controlling and tuning the
coherence length of 1D organic molecular crystals. Specifically, organic analogues of
semiconductor alloys have been successfully made from two octabutoxy phthalocyanine derivatives that exhibit large coherence lengths using solution-processed deposition mentioned above. This study came to conclude that not only the bandgaps were
successfully engineered but the tunability of coherence length was also achieved. Even
though the evolution of coherence lengths as a function of concentration still shows
some scattering, it is clear to observe the tunability of this property as a function of
concentration. It’s worth to mention that this is the first ever attempt to systematically tune the coherence lengths in organic systems and the scattering observed here
is within the margin of acceptable errors. In addition to the bandgap and coherence
length, other excitonic properties such as the activation energies from PL queching,
which are also a measure of exciton-phonon coupling and the nearest neighbor coupling also showed the continuous trends as a function of alloy concentrations. As
stated in chapter 4, the optimal coherence length is the interplay between nearest
neighbor coupling and the coupling to phonon modes, which can be quantified by the
ratio between the band curvature energies and the PL queching activation energies.
This ratio does not follow any specific trends. However, there is one noticable observation is that at high alloy concentration, this ratio is comparable and less than 1,
which suggests the dominance of exciton-phonon coupling in the alloys causing the
localization and decrease in coherence lengths. This is in agreement with the time-
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resolved PL of coherent excitons where the extracted alpha and beta parameters also
showed large coupling to vibrational modes at high alloy concentrations. This study
gives rise to a possibility of controlling exciton coherence in particular and excitonic
properties in general through a completely novel method.
In conclusion, these studies discussed in this thesis has proven the possibility of
observing and probing experimentally the exciton coherent states in 1D phthalocyanine based organic crystalline thin films as well as obtaining coherence lengths of
these systems using temperture-dependent PL spectroscopy. Most importantly, this
study confirmed the existence of a delocalized and coherent exciton, of which characteristic does not belong to the typical Wannier or Frenkel picture. The quantification
of coherence lengths, exciton-phonon coupling strength and the intermolecular interaction strength between nearest neighbor π orbital overlap are obtained through
temporally and spectrally-resolved PL studies. The comparative study of this exciton
coherence between four different phthalocyanine derivatives, that consists of different
substituents located at various positions on the π-conjugated backbones of the phthalcyanine macrocycle ring, provides a thorough understanding of the parameters
that control the coherent state of exciton in the systems. It is the complex interplay
between nearest neighbor coupling and the coupling of exciton-phonon that needs to
be taken into account when optimizing the coherence length in 1D organic systems.
Further control of this property was achieved through alloying two phthalocyanine
derivatives that exhibits the largest coherence length within the four investigated materials. A continuous tunability of not only coherene lengths but also bandgaps and
nearest neighbor coupling is achieved. These studies bring a deeper understanding in
the underlying mechanism that control the excitonic properties, specifically the co-
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herent behavior. It is an experimentally confirmation of coherent exciton in organic
systems and an attempt in controlling this behavior by an innovative implementation.

6.2

Future Work

The results obtained from time-resolved and spectrally-resolved photoluminescence
study of phthalocyanine based organic crystalline thin films do not only open a novel
way of understanding the excitonic properties of 1D organic crystals but also suggest
a new and interesting method of tuning and optimizing these electronic properties,
specifically coherent behavior in organic systems. Theoretical study by Fornari suggested an interesting evolution of coherent exciton wavefunction within the first few
picosecond, which can reveal the dynamics of coherent excitons. Therefore, further
investigation into the dynamics of coherent excitons in these systems can be achieved
via temperature dependent two-color pump-probe time-resolved transient absorption
spectroscopy. Specifically, the temporal evolution of the coherent excitons within
the first few picoseconds after excitation can be revealed. This type of study might
also give more information on the mechanism of decoherence activation of exciton
coherence in 1D organic molecular crystals. The experimental setup for this study
has already been initiated by the author of this presented thesis. This technique
uses Ti:sapphire laser in femtosecond mode, which can provide enough resolution to
extract the information of fast relaxation process of coherent excitons. This excitation will be splitted into two beams, of which the first one will go through a sencond
harmonic generation to obtain a pump excitation in the UV while the second beam
will be directed to probe the sample. This study will give a deeper understanding
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in the dynamics of coherent excitons, especially the formation of coherent states as
well as the decoherence process in the systems. Last but not least, this study might
resolve the interplay between the coherent and incoherent states that contribute to
the luminescence feature as the temperatures increase.
From an application standpoint, this study gives a preliminary understanding
toward more intriguing path of optimizing the electronic structures for high performance organic electronics. A significant number of various spectroscopies can be
employed for further investigating the dynamics of coherent excitons in the systems
based on the results obtained from this thesis. For example, Raman spectroscopies
such as Tip-enhanced raman scattering (TERS) that University of Vermont recently
got funded by NSF can be conducted to evaluate and reveal the nature of excitonphonon coupling and the coupling with lattice vibration. This can give rise to a better
understanding as well as a possibility of controlling the dynamic disorders in organic
systems.
In addition to various spectroscopic studies to gain more knowledge and insights
into the nature of coherent excitons, another possible of tuning the coherence length
might lies on the ability to apply strain in these crystalline samples. In fact, the Furis
group has been looking into this problem, where the induced strain of crystalline thin
films fabricated on flexible substrate not only give an understanding in the crystalline
orientation and molecular packing but also might result in the change in coherent
dynamics of excitonic states in 1D organic crystals. In a broader impact, these studies
offer a new way of customizing the optoelectronic properties of these organic systems
for different desired applications.
In summary, this thesis has shown a deeper understanding into the dynamics of
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coherent excitons in 1D organic molecular crystals, where the influence of intermolecular interactions and exciton-phonon coupling play an equally significant role. The
successful fabrication of organic analogue of semiconductor alloys offers a new insight
and novel method in tuning and controlling excitonic properties in organic systems.
The existence of coherent and delocalized carriers was experimentally probed, showing the capability of optical spectroscopies in exploring the electronic nature and
physics of organic semiconductors. Finally, the physics of these electronic and excitonic properties of organic semiconductors provided in this thesis combined with
the compatibility of these materials on flexible substates enables a vision of future
technology, where cost-effect, flexibility and sustanability of the devices are more
of a driven-force of development than the device efficiency of the tranditional rigid
inorganic systems, such as Si.
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Appendix A
Photoluminescence of Organic Alloys

A.1

PL of organic alloys at various concentrations
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Figure A.1: Photoluminescence spectra at T = 4K of H2 OBNcx H2 OBPc1−x , where x = 0.02
(black), 0.11 (red), 0.17 (green), 0.25 (blue), 0.33 (brown), 0.4 (dark green)
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Figure A.2: Photoluminescence spectra at T = 4K of H2 OBNcx H2 OBPc1−x , where x = 0.6
(black), 0.67 (red), 0.75 (green), 0.83 (blue), 0.89 (brown), 0.98 (dark green)
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Figure A.3: Photoluminescence spectra at T = 294K of H2 OBNcx H2 OBPc1−x , where x =
0.02 (black), 0.11 (red), 0.17 (green), 0.25 (blue), 0.33 (brown), 0.4 (dark green)
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Figure A.4: Photoluminescence spectra at T = 294K of H2 OBNcx H2 OBPc1−x , where x =
0.6 (black), 0.67 (red), 0.75 (green), 0.83 (blue), 0.89 (brown), 0.98 (dark green)
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Appendix B
Coherence Analysis of alloys

Figure B.1: Coherence number as a function of inverse square root of temperature for
organic alloys at different mixing ratios, H2 OBPc:H2 OBNc (i.e. 100:1, 1:100, 50:1 and
1:50)
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Figure B.2: Coherence number as a function of inverse square root of temperature for
organic alloys at different mixing ratios, H2 OBPc:H2 OBNc (i.e. 10:1, 1:10, 8:1 and 1:8

Figure B.3: Coherence number as a function of inverse square root of temperature for
organic alloys at different mixing ratios, H2 OBPc:H2 OBNc (i.e. 3:2, 2:3, 3:1, 1:3, 2:1 and
1:2
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Appendix C
Radiative Lifetimes of coherent exciton

Figure C.1: Radiative lifetimes of coherent exciton as a functioin of square root of temperature for organic alloys at different mixing ratios, H2 OBPc:H2 OBNc (i.e. 1:1, 1:3, 1:5, and
1:10)
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Figure C.2: Radiative lifetimes of coherent exciton as a functioin of square root of temperature for organic alloys at different mixing ratios, H2 OBPc:H2 OBNc (i.e. 2:3, 5:1, 8:1,
10:1)
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Appendix D
Derivation of quantum model for
radiative lifetimes in 1D systems
In order to understand the mechanism of the rapid increase in radiative recombination lifetime of coherent exciton at high temperature, we hypothesize a two-state
model as shown in figure D.1. This model is based on the quantum mechanical treatment in GaAs, where at high temperature some excitons in the system are being
ionized into free electron/hole pairs and the ratio between these free carriers and the
bound exciton is given by the Saha equation. In our model, we assumes that the
coherent excitonic state is completely dispersionless while the upper incoherent state
is undergone phonon-assisted scattering. The separation of these two states, J, is
also the photoluminescence quenching energy or the binding energy (EA ) in quantum
wire. [129–131]
Let N be the total number of excitons. In this case, it is the sum of the number
of coherent (Ncoh ) and incoherent excitons (Nincoh ).
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Figure D.1: Representation of two-state model with the excitonic coherent state assumed
to be dispersionless while the higher energy state, excitonic incoherent state, has undergone
phonon-assisted scattering. The energy separation between coherent and incoherent states
(J) is also the binding energy (EA ) in quantum wire.

N = Ncoh + Nincoh

(D.1)

Applying Saha equation [134] to this case, instead of the ratio between free carriers
and the exciton in quantum wire, we have:
s
Z ∞
−E
−J
−J L
2m∗ KB T
Ncoh
1
Nincoh
= e KB T
D(E)e KB T dE = e KB T
=κ→
=
(D.2)
Ncoh
~
π
N
1+κ
0

where J is the energy gap between two states, KB is the Boltzmann constant, T is
temperature, L is the volume of the lattice and m∗ is the effective mass of exciton.
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When we multiply equation S1 with the radiative recombination rate
N Γ = Ncoh Γcoh + Nincoh Γincoh
−J

whereNincoh = e KB T

Z ∆

(D.3)

−E

D(E)e KB T dE

0

Therefore, by substituting the ratio of number of coherent exciton and total number of exciton, the radiative recombination rate is as follow:
Nincoh
Ncoh
+ Γincoh
N
N
Z ∆
−E
−J
1
1
1 1
KB T
=
D(E)e KB T dE
+
e
τcoh 1 + κ τ0 1 + κ
0


√
−J
1
1 K T 2L
1
∗
B
=
+ e
2m ∆
1 + κ τcoh τ0
π~

→ Γ = Γcoh

(D.4)

Radiative recombination lifetime, τ , is the inverse of the recombination rate, thus:

τ=

1+
1
τcoh

L
~

q

−J

2m∗ KB T KB T
e
π
−J

+

1 KB T 2L
e
τ0
π~

=
√
2m∗ ∆

s

L 2m∗ KB
Where α =
~
π
1 2L √ ∗
β=
2m ∆
τ0 π~

146

√
−J
1 + α T e KB T
1
τcoh

−J

+ βe KB T
(D.5)

